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Demand for organically produced produce has exploded over the past 20 years, 
with total U.S. organic sales expected to reach $20 billion in the current decade (Dimitri 
and Oberholzer, 2009).  Consumer awareness and demand for fresh, highly quality and 
nutritious organic sweet corn (Zea mays L. convar. saccharata var. rugosa) has lead to 
supply deficits from a lack of organically certified farms.  There is controversy whether 
organic nitrogen (N) fertility practices produce sweet corn yields, nutritional content and 
quality equal to or greater than synthetic N fertility practices.  Organic N fertilizers are 
typically protein based and not immediately available and must undergo mineralization 
by soil microorganisms prior to utilization by plants, yet are considered more sustainable.  
In contrast, synthetic N fertilizers are readily available for immediate plant use, yet N not 
immediately utilized can leach and considered less sustainable.  Here lies the inherent 
difficulty of comparing organic N to synthetic N, often leading to experimental 
inequality.  A series of experiments were designed to address this N inequality, utilizing 
specialized microorganisms from a variety of environments that mineralize certain 
proteins through deamination and oxidation reactions to produce a nitrogenous based 
fertilizer that contains organic soluble N, ammonium and nitrate.  This organic N solution 
(ONS) made it possible to test on an equitable basis, whether ONS fertilized sweet corn 
produced yields, nutritional content and quality equal to or greater than synthetic N 
solution (SNS).  To address these concerns, a four factor experiment was conducted 
including soil quality, cultivar, N source and rate on two sweet corn shQ cultivars with 
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ONS and SNS at three different rates under depleted and enhanced soil qualities planted 
23 Mar. 2009.  Total yield included cobs/ha and kg·ha
-1
, quality, nutritional content 
including mineral, phenolic acid and carotenoid contents were determined.  Of the two 
sweet corn shQ cultivars, it was determined that cultivar 3175 had greater yields 
compared to cultivar 378a, in cobs/ha and kg·ha
-1
.  On depleted soils, ONS at the 2x rate 
of 168 kg·ha
-1
 N yielded the most compared to enhanced soils that required the 4x ONS 
rate of 336 kg·ha
-1
 N to produce the greatest yields.  On depleted soils, SNS at the 4x rate 
of 336 kg·ha
-1
 N yielded the most compared to enhanced soils that required only the 1x 
SNS rate of 84 kg·ha
-1
 N for commercially comparable yields.  Cultivar 378a had slightly 
greater mineral content than cultivar 3175.  Both cultivars, grown on enhanced soils 
under SNS fertilization had greater mineral content than depleted soils.  Phenolic acid 
content (mg·g
-1
) did not differ for either cultivar on depleted soils; however, cultivar 378a 
had 11% more phenolic acid on enhanced soils versus depleted soils.  Conversely, 
carotenoid content for lutein, zeaxanthin and β-cryptoxanthanin was 21%, 31% and 12% 
µg·g
-1 
greater, respectively, in depleted soils compared to enhanced soils.  Lutein 
increased to 0.99 µg·g
-1
 as rate increased to the 336 kg·ha
-1
 N.  Although total N was 
equal in both fertility sources, SNS fertilized sweet corn produced greater yields and 
nutritional contents compared to ONS fertilized sweet corn due to SNS having more plant 







I dedicate this work to my wife, Margaret, my children, Daisy, Emilia, Sarah, 























I would like to express my sincere gratitude to my advisor, mentor and friend Dr. 
Robert J. Dufault, for his assistance, patience and support through this study.  I would 
like to give thanks to my other committee members: Dr. Richard L. Hassell, Dr. Jeffery 
W. Adelburg, Dr. Geoffrey W. Zehnder, and Dr. Seth G. Pritchard for their guidance and 
support throughout the completion of this dissertation. 
 
I would like to express my indebtedness to The Agricultural Society of South 
Carolina and Dr. B. Merle Shepard for bestowing upon me the Thomas Heyward Jr. 
fellowship.  Without this fellowship, this research and dissertation would not have been 
possible. 
 
I want to express much gratitude to Dr. Todd R. Callaway and Dr. Robin C. 
Anderson at the USDA Agricultural Research Service, Southern Plains Agricultural 
Research Center, Food and Feed Safety Research, their hospitality and their guidance in 
instruction on culturing anaerobic bacteria. 
 
I want to especially thank all the faculty and staff of the USDA Agricultural 
Research Service U.S Vegetable Laboratory and Clemson Coastal Research and 
Education Center for their knowledge, technical assistance moral support throughout the 
vi 
 
completion of the research especially Jason Dufault, Mike Russell, Mark Schaffer, Ginny 
Dubose and Hal Hanvey. 
 
I want to express my most sincere appreciation to my wife, Margaret, my 
children, Daisy, Emilia, Sarah, Dalton, and my family for their utmost patience and their 
faith throughout the completion of this dissertation.  My family is the reason for my 
success during this intellectual servitude. 
vii 
 
TABLE OF CONTENTS 
Page 
 
TITLE PAGE .................................................................................................................... i 
 
ABSTRACT ..................................................................................................................... ii 
 
DEDICATION ............................................................................................................... .iv 
 
ACKNOWLEDGMENTS ............................................................................................... v 
 
LIST OF TABLES .......................................................................................................... xi 
 
LIST OF FIGURES ....................................................................................................... xx 
 
INTRODUCTION ........................................................................................................... 1 
   
  Characteristics of Conventional Agricultural ................................................ 1 
  Characteristics of Organic Agricultural ......................................................... 1  
  Purpose and Goals of This Study ................................................................... 4 
   Experiment I............................................................................................. 5 
   Experiment II ........................................................................................... 6 
   Experiment III .......................................................................................... 6 
   Experiment IV .......................................................................................... 7 
   Experiment V ........................................................................................... 7 




I.  AFFINITY OF THREE HYPER-AMMONIA-PRODUCING 
BACTERIA TO PRODUCE BIOAMMONIUM/AMMONIA 
UTILIZING FIVE ORGANIC NITROGEN SUBSTRATES ..................... 11 
   
   Abstract .................................................................................................. 11 
   Keywords ............................................................................................... 12 
   Introduction ............................................................................................ 12 
   Materials and Methods ........................................................................... 16 
   Generating Anaerobic Conditions .................................................. 16 
   Basal Salt Solutions Preparation .................................................... 17 
   BAA Analysis ................................................................................. 21 
   Preparation of Treatment Samples ................................................. 22 
   Procedure ........................................................................................ 22 




Table of Contents (Continued)   
Page 
    
   Results and Discussion .......................................................................... 23 
   Conclusion ............................................................................................. 26 
   Literature Cited ...................................................................................... 51 
  
II.  OPTIMIZATION OF BIOAMMONIUM/AMMONIA  
PRODUCTION BY CLOSTRIDIUM AMINOPHILUM  
CULTURED WITH SOY-PROTEIN-ISOLATE........................................ 55 
 
   Abstract .................................................................................................. 55 
   Keywords ............................................................................................... 56 
   Introduction ............................................................................................ 56 
   Materials and Methods ........................................................................... 59 
   BAA Analysis ................................................................................. 60 
   Results and Discussion .......................................................................... 61 
   Conclusion ............................................................................................. 63 
   Literature Cited ...................................................................................... 71 
    
III.  UPSCALED BIOAMMONIUM/AMMONIA PRODUCTION  
BY CLOSTRIDIUM AMINOPHILUM CULTURED WITH  
SOY-PROTEIN-ISOLATE ......................................................................... 74 
    
   Abstract .................................................................................................. 74 
   Keywords ............................................................................................... 75 
   Introduction ............................................................................................ 75 
   Materials and Methods ........................................................................... 79 
   Bioreactor Design and Construction .............................................. 79 
   Preparation of the Salts Solutions .................................................. 82 
   Bioreactor Operation and BAA Generation ................................... 86 
   BAA Determination ....................................................................... 88 
   Conductivity, ORP and Turbidity Determination .......................... 89 
  Results and Discussion .......................................................................... 90 
   BAA Analysis ................................................................................. 90 
   Turbidity Analysis .......................................................................... 91 
   ORP Analysis ................................................................................. 92 
   Conductivity Analysis .................................................................... 93 
   Conclusion ............................................................................................. 93 







Table of Contents (Continued) 
Page 
  
IV.  OXIDATION OF BIOAMMONIUM/AMMONIA BY  
NITRIFYING BACTERIA FOR DEVELOPMENT OF  
BIOAMMONIUM ..................................................................................... 118 
 
   Abstract ................................................................................................ 118 
   Keywords ............................................................................................. 119 
   Introduction .......................................................................................... 120 
   Biofilms ........................................................................................ 120 
   Ammonia Oxidation ..................................................................... 122 
   Nitrite Oxidation ........................................................................... 123 
   Materials and Methods ......................................................................... 125 
   Biofilm Bioreactor Design and Construction ............................... 125 
   Biofilm Establishment, Acclimation and Experiment  
   Initiation ................................................................................. 128 
   Mineral Analysis and Procedure .................................................. 129 
   Ammonium Nitrogen ................................................................... 130 
   Total Nitrogen .............................................................................. 130 
   Nitrate Nitrogen ............................................................................ 131 
   Reagents ................................................................................. 131 
   Apparatus ................................................................................ 131 
   Procedure ................................................................................ 132 
   Data Collection and Analysis ....................................................... 133 
   Results and Discussion ........................................................................ 133 
   Conclusion ........................................................................................... 135 
   Literature Cited .................................................................................... 149 
 
V.  INFLUENCE OF ORGANIC VERSUS SYNTHETIC  
NITROGEN PRECISION FERTIGATION ON SWEET  
CORN YIELD AND QUALITY ............................................................... 154 
 
   Abstract ................................................................................................ 154 
   Keywords ............................................................................................. 156 
   Introduction .......................................................................................... 156 
   Materials and Methods ......................................................................... 158 
   Results and Discussion ........................................................................ 174 
   Yield ............................................................................................. 174 
   Cob Quality .................................................................................. 180  
   Cull Yield ..................................................................................... 186   
   Kernel Mineral Content ................................................................ 188 
   Kernel Nitrogen ............................................................................ 189 
   Kernel Phosphorus ....................................................................... 190 
x 
 
Table of Contents (Continued) 
Page 
 
   Kernel Potassium .......................................................................... 190 
   Kernel Calcium ............................................................................. 191 
   Kernel Magnesium ....................................................................... 191 
   Kernel Sulfur ................................................................................ 192 
   Kernel Zinc ................................................................................... 192 
   Kernel Copper .............................................................................. 193 
   Kernel Manganese ........................................................................ 194 
   Kernel Iron ................................................................................... 195 
   Kernel Sodium .............................................................................. 196 
   Phenolic Acid ............................................................................... 196 
   Carotenoid Analysis of Cultivar 3175 .......................................... 197 
   Conclusion ........................................................................................... 198 
   Literature Cited .................................................................................... 260 







LIST OF TABLES 
 
Table                                                                                                                                
Page 
 
1.1 Percentages of amino acid, total protein and total nitrogen of the five  
 nitrogen substrates used to produce bioammonium/ammonia ......................42 
 
1.2 Hyper-ammonia-producing (HAP) bacteria species and nitrogen substrate 
 treatment combination evaluated ..................................................................43 
 
1.3 Composition of the ammonium chloride (NH4Cl) standard curve  
  solutions (mM) ...............................................................................................44 
 
1.4 Sources of variation in the analysis of variance of hyper-ammonia- 
 producing (HAP) bacteria species, nitrogen substrate, sample  
  and time on bioammonium/ammonia (BAA) production .............................46 
 
1.5 Sources of variation in the analysis of variance of nitrogen substrate  
 and time on bioammonium/ammonia (BAA) production of  
  Clostridium aminophilum .............................................................................49 
 
2.1 Sources of variation in the analysis of variance of Clostridium  
  aminophilum, soy-protein-isolate (SPI), rate and time on  
  bioammonium /ammonia (BAA) production in Expt. 2a .............................66 
 
2.2 Sources of variation in the analysis of variance of Clostridium  
  aminophilum, soy-protein-isolate (SPI), rate and time on  
  bioammonium /ammonia (BAA) production in Expt. 2b .............................69 
 
3.1 Sources of variation in the analysis of variance comparing run and  
  time on bioammonium/ammonia (BAA) (mM) production of  
  Clostridium aminophilum cultured with soy-protein-isolate at  
  1.8 kg·18 L
-1
 salt solution ...........................................................................107 
 
3.2 Influence of bioreaction run and time on the production of 
  bioammonium ammonia (BAA) (mM) from the reaction of  
  Clostridium aminophilum cultured with soy-protein-isolate  
  (SPI) at 1.8 kg·18 L
-1
 salt solution ..............................................................108 
 
4.1 Mineral analysis of nine reactions after being amended with  
  additional BAA from Expt. 3 and soy-protein-isolate, prior  
  to the addition of soluble organic forms of phosphorus,  
  potassium and micronutrients. ....................................................................148 
xii 
 
List of Tables (Continued)  
Page 
 
5.1 Mineral analysis of depleted and enhanced soil after three years of  
     cover cropping prior to Expt. 5 implementation .........................................215 
 
5.2 Formulation of organic and synthetic nutrient solutions in kg∙ha-1 
  and L∙ha
-1
 ....................................................................................................216 
   
5.3 Expt. 5 schedule of major events in 2009 growing season. ..............................216 
 
5.4 Sources of variation in the analysis of variance of two sweet corn shQ  
   cultivars, soil quality, fertilizer source and rate on marketable  
   cobs/plot
 
and marketable weight/plot planted on 23 Mar. 2009 .................217 
 
5.5 Influence of soil quality, fertilizer source and rate on two sweet corn  
   shQ cultivars marketable number of cobs and total marketable  
   cob weight/plot planted on 23 Mar. 2009 ...................................................218 
 
5.6 Sources of variation in the analysis of variance of two sweet corn shQ  
   cultivars, soil quality, fertilizer source and rate on marketable 
   cobs/plot
 
planted on 23 Mar. 2009 ..............................................................219 
 
5.7 Sources of variation in the analysis of variance of two sweet corn shQ  
   cultivars, soil quality, fertilizer source and rate on total marketable  
   cob weight/plot planted on 23 Mar. 2009 ...................................................220 
 
5.8 Influence of fertilizer source on  sweet corn shQ cultivars 3175 and  
   378a total marketable cobs/plot and total cob weight/plot,  
   planted on 23 Mar. 2009 (pooled over soil quality and fertilizer  
   rate) .............................................................................................................221 
 
5.9 Influence of fertilizer rate on sweet corn shQ cultivar 3175 and 378a  
   total marketable cobs/plot
 
and total cob weight/plot planted  
   on 23 Mar. 2009 (pooled over soil quality and fertilizer source) ...............221 
 
5.10 Influence of soil quality, fertilizer source and rate on sweet corn shQ  
   cultivar 378a on marketable cobs/plot planted on 23 Mar. 2009 ................222 
 
5.11 Sources of variation in the analysis of variance of two sweet corn shQ  
   cultivars, soil quality, fertilizer source and rate on individual cob  





List of Tables (Continued)                                                                                      
Page 
 
5.12 Influence of soil quality on sweet corn shQ cultivars 3175 and 378a  
   on individual cob marketable weight planted on 23 Mar. 2009  
   (pooled over fertilizer source and rate) .......................................................224 
 
5.13 Influence of fertilizer rate on sweet corn shQ cultivar 3175 on  
   individual cob marketable weight planted on 23 Mar. 2009  
   (pooled over soil quality and fertilizer source) ...........................................224 
 
5.14 Influence of fertilizer source on sweet corn shQ cultivar 378a on  
   individual cob marketable weight planted on 23 Mar. 2009  
   (pooled over soil quality and fertilizer rate) ...............................................225 
 
5.15 Sources of variation in the analysis of variance of two sweet corn  
   shQ cultivars, soil quality, fertilizer source and rate on marketable  
   cob length planted on 23 Mar. 2009 ...........................................................225 
 
5.16 Influence of soil quality on sweet corn shQ cultivars 3175 and 378a  
   on individual cob marketable length planted on 23 Mar. 2009  
   (pooled over fertilizer source and rate) .......................................................226 
    
5.17 Sources of variation in the analysis of variance of two sweet corn shQ  
   cultivars, soil quality, fertilizer source and rate on marketable cob  
   width planted on 23 Mar. 2009 ...................................................................226 
 
5.18 Influence of soil quality on sweet corn shQ cultivar 378a on individual  
   cob marketable width planted on 23 Mar. 2009 (pooled over fertilizer  
   source and rate) ...........................................................................................227 
 
5.19 Sources of variation in the analysis of variance of two sweet corn  
   shQ cultivars, soil quality, fertilizer source and rate on marketable  
   rows per cob planted on 23 Mar. 2009 .......................................................227 
 
5.20 Influence of soil quality on sweet corn shQ cultivars 3175 and 378a  
   on marketable rows per cob planted on 23 Mar. 2009  
   (pooled over fertilizer source and rate) .......................................................228 
 
5.21 Sources of variation in the analysis of variance of two sweet corn shQ  
   cultivars, soil quality, fertilizer source and rate on marketable corn  





List of Tables (Continued)                                                                                      
Page 
    
5.22 Influence of fertilizer rate on sweet corn shQ cultivars 3175 and 378a  
   on marketable corn ear leaf SPAD planted on 23 Mar. 2009  
   (pooled over soil quality and fertilizer source) ...........................................229 
   
5.23 Influence of soil quality and fertilizer source on sweet corn shQ  
   cultivars 3175 and 378a on marketable corn ear leaf SPAD  
   planted on 23 Mar. 2009 (pooled over fertilizer rate) .................................229 
 
5.24 Influence of soil quality, fertilizer source and rate on sweet corn shQ  
   cultivar 378a corn ear leaf SPAD planted 23 Mar. 2009 ............................230 
 
5.25 Sources of variation in the analysis of variance of two sweet corn shQ  
   cultivars, soil quality, fertilizer source and rate on total number of  
   cull cobs/plot planted on 23 Mar. 2009 ......................................................231 
 
5.26 Influence of soil quality on sweet corn shQ cultivar 378a total number  
   of cull cobs/plot planted 23 Mar. 2009 (pooled over fertilizer source  
   and rate) ......................................................................................................231 
 
5.27 Influence of fertilizer source and rate on sweet corn shQ cultivar 378a  
   total number of cull cobs/plot planted 23 Mar. 2009 (pooled over  
   soil quality) .................................................................................................232 
 
5.28 Sources of variation in the analysis of variance of two sweet corn  
   shQ cultivars, soil quality, fertilizer source and rate on total cull  
   cob weight/plot planted on 23 Mar. 2009 ...................................................233 
   
5.29 Influence of fertilizer source on sweet corn shQ cultivar 378a total  
   cull cob weight/plot planted 23 Mar. 2009 (pooled over soil  
   quality and fertilizer rate) ............................................................................233 
 
5.30 Sources of variation in the analysis of variance of two sweet corn  
   shQ cultivars, soil quality, fertilizer source and rate on number  
   of immature cull cobs/plot planted on 23 Mar. 2009 ..................................234 
 
5.31 Influence of soil quality sweet corn shQ cultivar 378a total immature  
   cull cobs/plot planted 23 Mar. 2009 (pooled over fertilizer source  






List of Tables (Continued)                                                                                      
Page 
 
5.32 Influence of fertilizer source and rate on sweet corn shQ cultivar  
   378a total immature cull cobs/plot planted 23 Mar. 2009 (pooled  
   over soil quality) .........................................................................................235 
 
5.33 Pooled means table of the influence of soil quality, fertilizer source  
   and fertilizer rate on total mean kernel mineral analysis for sweet  
   corn shQ cultivar 3175 planted on 23 Mar. 2009 .......................................236 
 
5.34 Pooled means table of the influence of soil quality, fertilizer source  
   and fertilizer rate on total mean kernel mineral analysis for sweet  
   corn shQ cultivar 378a planted on 23 Mar. 2009 ........................................237 
 
5.35 Sources of variation in the analysis of variance of two sweet corn  
   shQ cultivars, soil quality, fertilizer source and rate on marketable  
   cob kernel percent nitrogen (N) planted on 23 Mar. 2009 ..........................238 
 
5.36 Influence of fertilizer source on sweet corn shQ cultivars 3175 and  
   378a marketable cob kernel percent nitrogen (N) planted 23 Mar.  
   2009 (pooled over soil quality and fertilizer rate) ......................................238 
 
5.37 Influence of soil quality and fertilizer rate on sweet corn shQ cultivars  
   3175 and 378a marketable cob kernel percent nitrogen (N) planted  
   23 Mar. 2009 (pooled over fertilizer source) ..............................................239 
 
5.38 Sources of variation in the analysis of variance of two sweet corn  
   shQ cultivars, soil quality, fertilizer source and rate on marketable  
   cob kernel percent phosphorus (P) planted on 23 Mar. 2009 .....................240 
 
5.39 Influence of soil quality on sweet corn shQ cultivars 3175 marketable  
   cob kernel percent phosphorus (P) planted 23 Mar. 2009 (pooled  
   over fertilizer source and rate) ....................................................................240 
 
5.40 Influence of fertilizer source on sweet corn shQ cultivar 3175  
   marketable cob kernel percent phosphorus (P) planted 23 Mar.  
   2009 (pooled over soil quality and fertilizer rate) ......................................241 
 
5.41 Sources of variation in the analysis of variance of two sweet corn  
   shQ cultivars, soil quality, fertilizer source and rate on marketable  





List of Tables (Continued)                                                                                
    Page 
 
5.42 Influence of soil quality on sweet corn shQ cultivars 3175 and 378a  
   marketable cob kernel percent potassium (K) planted 23 Mar.  
   2009 (pooled over fertilizer source and rate) ..............................................242 
 
5.43 Influence of soil quality on sweet corn shQ cultivar 3175 marketable  
   cob kernel percent potassium (K) planted 23 Mar. 2009 (pooled  
   over soil quality and fertilizer rate) .............................................................242 
 
5.44 Sources of variation in the analysis of variance of two sweet corn shQ  
   cultivars, soil quality, fertilizer source and rate on marketable cob  
   kernel percent calcium (Ca) planted on 23 Mar. 2009 ................................243 
 
5.45 Influence of soil quality on sweet corn shQ cultivars 3175 and 378a  
  marketable cob kernel percent calcium (Ca) planted 23 Mar. 2009  
  (pooled over fertilizer source and rate) .......................................................243 
 
5.46 Sources of variation in the analysis of variance of two sweet corn shQ  
   cultivars, soil quality, fertilizer source and rate on marketable cob  
   kernel percent magnesium (Mg) planted on 23 Mar. 2009 .........................244 
 
5.47 Influence of fertilizer source on sweet corn shQ cultivar 3175  
   marketable cob kernel percent magnesium (Mg) planted 23 Mar.  
   2009 (pooled over soil quality and fertilizer rate) ......................................244 
 
5.48 Influence of soil quality and fertilizer source on sweet corn shQ  
   cultivar 378a marketable cob kernel percent magnesium (Mg)  
   planted 23 Mar. 2009 (pooled over fertilizer rate) ......................................245 
 
5.49 Sources of variation in the analysis of variance of two sweet corn  
   shQ cultivars, soil quality, fertilizer source and rate on marketable  
   cob kernel percent sulfur (S) planted on 23 Mar. 2009 ..............................246 
   
5.50 Influence of soil quality on sweet corn shQ cultivars 3175 and 378a  
   marketable cob kernel percent sulfur (S) planted 23 Mar. 2009  
   (pooled over fertilizer source and rate) .......................................................246 
 
5.51 Influence of fertilizer source on sweet corn shQ cultivar 378a  
   marketable cob kernel percent sulfur (S) planted 23 Mar. 2009  





List of Tables (Continued)                                                                                      
Page 
 
5.52 Sources of variation in the analysis of variance of two sweet corn  
   shQ cultivars, soil quality, fertilizer source and rate on marketable  
   cob kernel ppm zinc (Zn) planted on 23 Mar. 2009 ...................................247 
        
5.53 Influence of soil quality on sweet corn shQ cultivars 3175 and 378a  
   marketable cob kernel ppm zinc (Zn) planted 23 Mar. 2009 (pooled  
   over fertilizer source and rate) ....................................................................248 
 
5.54 Sources of variation in the analysis of variance of two sweet corn  
   shQ cultivars, soil quality, fertilizer source and rate on marketable  
   cob kernel ppm copper (Cu) planted on 23 Mar. 2009 ...............................248 
 
5.55 Influence of soil quality on sweet corn shQ cultivar 3175 marketable  
   cob kernel ppm copper (Cu) planted 23 Mar. 2009 (pooled over  
   fertilizer source and rate) ............................................................................249 
 
5.56 Influence of fertilizer source on sweet corn shQ cultivar 3175  
   marketable cob kernel ppm copper (Cu) planted 23 Mar. 2009  
   (pooled over soil quality and fertilizer rate) ...............................................249 
 
5.57 Influence of soil quality and fertilizer source on sweet corn shQ  
   cultivar 378a marketable cob kernel ppm copper (Cu) planted 23  
   Mar. 2009 (pooled over fertilizer rate) .......................................................250 
 
5.58 Influence of fertilizer source and rate on sweet corn shQ cultivar  
   378a marketable cob kernel ppm copper (Cu) planted 23 Mar. 
   2009 (pooled over soil quality) ...................................................................250 
 
5.59 Sources of variation in the analysis of variance of two sweet corn  
   shQ cultivars, soil quality, fertilizer source and rate on marketable  
   cob kernel ppm manganese (Mn) planted on 23 Mar. 2009 .......................251 
   
5.60 Influence of soil quality on sweet corn shQ cultivar 3175 marketable  
   cob kernel ppm manganese (Mn) planted 23 Mar. 2009 (pooled  
   over fertilizer source and rate) ....................................................................251 
 
5.61 Influence of fertilizer source and rate on sweet corn shQ cultivar  
   3175 marketable cob kernel ppm manganese (Mn) planted 23  





List of Tables (Continued)                                                                                      
Page 
 
5.62 Influence of fertilizer rate on sweet corn shQ cultivar 378a marketable  
   cob kernel ppm manganese (Mn) planted 23 Mar. 2009 (pooled  
   over soil quality and fertilizer source) ........................................................252 
 
5.63 Influence of soil quality and fertilizer source on sweet corn shQ  
   cultivar 378a marketable cob kernel ppm manganese (Mn)  
   planted 23 Mar. 2009 (pooled over fertilizer rate) ......................................253 
 
5.64 Sources of variation in the analysis of variance of two sweet corn  
   shQ cultivars, soil quality, fertilizer source and rate on marketable  
   cob kernel ppm iron (Fe) planted on 23 Mar. 2009 ....................................254 
 
5.65 Influence of soil quality on sweet corn shQ cultivar 3175 marketable  
   cob kernel ppm iron (Fe) planted 23 Mar. 2009 (pooled over  
   fertilizer source and rate) ............................................................................254 
 
5.66 Influence of fertilizer source on sweet corn shQ cultivar 3175  
   marketable cob kernel ppm iron (Fe) planted 23 Mar. 2009  
   (pooled over soil quality and fertilizer rate) ...............................................255 
 
5.67 Sources of variation in the analysis of variance of two sweet corn  
   shQ cultivars, soil quality, fertilizer source and rate on marketable  
   cob kernel ppm sodium (Na) planted on 23 Mar. 2009 ..............................255 
 
5.68 Sources of variation in the analysis of variance of sweet corn shQ  
   cultivar 3175, soil quality, fertilizer source and rate on phenolics  
   (mg·g
-1
) expressed as gallic acid equivalents (GAE), planted  
   on 23 Mar. 2009 ..........................................................................................256 
 
5.69 Influence of soil quality on sweet corn shQ cultivar 3175 and 378a  
   phenolics (mg·g
-1
) expressed as gallic acid equivalents (GAE),  
   planted 23 Mar. 2009 (pooled over fertilizer source and rate) ...................257 
   
5.70 Sources of variation in the analysis of variance of sweet corn shQ  
   cultivar 3175, soil quality, fertilizer source and rate on lutein,  
   zeaxanthin and β-cryptoxanthin (µg·g
-1
) planted on 23 Mar. 2009 ............258 
 
5.71 Influence of soil quality on sweet corn shQ cultivar 3175  
   concentration of lutein, zeaxanthin and β-cryptoxanthin (µg·g
-1
)  




List of Tables (Continued)                                                                                      
Page 
 
5.72  Influence of fertilizer rate on sweet corn shQ cultivar 3175  
   concentration of lutein (µg·g
-1
) planted 23 Mar. 2009 (pooled  









































LIST OF FIGURES 
 
Figure                                                                                                                    
Page 
 
1.1  Anaerobic Hungate column filled with copper shavings for  
  the purging of O2 contamination from the anaerobic gas.   
  Note the pink highly reduced copper shavings in the column  
  on the left and the grayish pink oxidized copper shavings in  
  the column on the right. ............................................................................... 28 
 
1.2  Temperature controller to the right that heated the copper-filled  
  Hungate column that controlled the heating of the column to  
  300 °C ...........................................................................................................29 
 
1.3  Oxygen gas regulator used to control the anaerobic gas through  
  the Hungate column at 20 kPa ......................................................................30 
 
1.4 Erlenmeyer vacuum flask with salt solutions A and B prior to the  
  addition ORP indicator .................................................................................31 
 
1.5  Erlenmeyer vacuum flask with salt solutions A, B and ORP  
  indicator.  Note the purplish color from the ORP indicator,  
  indicating the solution is oxidized ...............................................................32 
   
1.6   Salts and ORP solution are boiled and gassed.  Note the bubbles on  
  top of the solution from the gassing and the purplish color turning  
  blue indicating partial reduction has started .................................................33 
 
1.7  Buffering solution was prepared by heating the sodium carbonate  
   solution to boiling point and gassing with anaerobic gas .............................34 
 
1.8  Salt solutions A and B after addition of the buffer solution and  
  packed in ice.  After the buffering solution was cooled and  
  added, the solution turn bright pink and then immediately the  
  bleached pink color .......................................................................................35 
 
1.9  Buffered salts solutions A and B after the L-cysteine hydrochloride  
  monohydrate was added.  Note the solution had turned bright  
  pink at the point.  Once complete anaerobiosis and reduction  
  to approximately -150 mV were achieved, the solution turned  





List of Figures (Continued) 
Page 
 
1.10 Anaerobic test tube, butyl rubber stopper and aluminum crimping  
  cap were used to  hold the reduced anaerobic salt  
  solution, treatment proteins and bacterial cultures .......................................37 
 
1.11 Anaerobic test tubes were purged with anaerobic gas prior to the  
  addition of the reduced anaerobic salt solution. Note the tubes  
  on the right with the installed blue septums  have had the  
  reduced anaerobic salt solution already added prior to aluminum  
  cap crimping..................................................................................................38 
 
1.12 Anaerobic test tubes were filled by pipetting the reduced anaerobic  
  salt solution into the anaerobic test tubes below the level of the  
  syringe supplying the anaerobic gas .............................................................39 
 
1.13 Water filled bath incubation chamber heated to 39 °C that held the  
  treatments after inoculation...........................................................................40 
 
1.14 Syringe and needle were purged with anaerobic gas to eliminate O2  
  contamination that was present from the factory, prior to  
  inoculation.....................................................................................................41 
 
1.15 Standard curve and culture treatment samples were pipetted into  
  test tubes and microplates and prepared prior to ammonia  
  spectrophotometric analysis.  Note the standard curves in the  
  microplates are in the top two rows of each microplate ...............................45 
 
1.16 Interaction of hyper-ammonia-producing bacteria species and  
  nitrogen substrates (pooled over time) on bioammonium/ 
  ammonia production.  Letters above columns indicate  
  significant differences of means by LSD at P = 0.05 .....................................47 
 
1.17 Interaction of hyper-ammonia-producing bacteria species and time  
  (pooled over organic nitrogen substrates) on bioammonium/ 
  ammonia production.  Letters above columns indicate significant  
  differences of means by LSD at P = 0.05 .......................................................48 
 
1.18 Interaction of organic nitrogen substrates and time on  
  bioammonium/ammonia production of Clostridium aminophilum.   
  Letters above columns indicate significant differences of means  




List of Figures (Continued) 
Page 
 
2.1 Polynomial regression models of the interaction of Clostridium  
  aminophilum, soy- protein-isolate (SPI), rate and time with 
  bioammonium/ammonia (BAA) production in Expt. 2a ..............................67 
 
2.2 Polynomial regression models of the interaction of Clostridium  
  aminophilum, soy- protein-isolate (SPI), rate and time with  
  bioammonium/ammonia (BAA) production in Expt. 2a ..............................68 
 
2.3 Polynomial regression models of the interaction of Clostridium  
  aminophilum, soy-protein-isolate (SPI), rate and time with 
  bioammonium/ammonia (BAA) production in Expt. 2b ..............................70 
 
3.1 A Blichmann Engineering Tri-Clamp, weld-free stainless steel  
  conical bottom beer brewer (56 L x 47 cm wide x 47 cm deep x  
  79 cm hig), served as the vessel for the bioreactor .......................................95 
 
3.2 The heating element that supplied conductive heat to the bioreactor  
  was secured with heat resistant aluminum tape in a spiral fashion  
  around the conical bottom .............................................................................96 
 
3.3 Illustration of components attached to the domed shaped lid that  
  controlled the bioreactor physical parameters of including  
  the pressure relief valve, brushless stirring motor, purging valve,  
  multi-parameter sensor, temperature sensor and the dual valve  
  0.5 µm air filter .............................................................................................97 
 
3.4 Illustration of the bioreactor, oxygen removal column, temperature  
  controller, stirring controller, real-time sensor software, and the  
  inoculation septum ........................................................................................98 
 
3.5 The first two flasks from the left had the buffering solution and  
  reducing agent added and turned a bright pink color.  The  
  buffering solution had just been added to the third flask (far right) 
  and turned from deep cloudy blue to a bright clear  
  yellow color.  Note the first batch of ice had melted ..................................99 
 
3.6 The third flask to the far right had the reducing agent added,  
  turned from a bright clear yellow color to a bright pink color  
  and fresh ice was added, aiding equilibration to ambient  




List of Figures (Continued) 
Page 
 
3.7 Reduction and anaerobiosis were almost complete as indicated with 
  the reduction and clearing of the resazurin indicator dye as  
  depicted here with the first flask approximately 45 min after  
  the gassing began and the addition of buffering solution and  
  reducing agent.  The flasks were removed from the ice at this  
  point because the solutions had acquired ambient room  
  temperature .................................................................................................101 
 
3.8 Complete anaerobiosis and reduction to approximately -150 mV  
  occurred at approximately 1 h after gassing began and the with   
  addition of the buffering solution and reducing agent.  The  
  exhaust tube was closed, yet gassing continued until enough  
  back pressure prevented any further anaerobic gas to bubble  
  through the solution. Note the absence of any visible bubbles.   
  At this point, the solutions were ready for transfer to the  
  bioreactor ....................................................................................................102 
 
3.9 Waiting for the salt solutions to be completely reduced and anaerobic,  
  1.8 kg SPI were measured and emptied into the bioreactor.  Next  
  the lid was attached along with the stirring mechanism and gassing  
  line.  The bioreactor was anaerobically gassed and stirred at 200  
  rpm for approximately 45 min prior to receiving the anaerobic and  
  reduced salt solution ...................................................................................103 
 
3.10 Using the positive pressure within the flasks, the liquid pumping  
  tube was hooked to the liquid filling port on the bioreactor and  
  the reduced anaerobic salt solution was pumped into the reactor  
  as the reactor stirrer turned at 200 rpm and the anaerobic gas  
  flowed through the solution.  Note the first flask was empty and  
  the second flask was in the process of being emptied ................................104 
 
3.11 The bioreactor filled with 1.8 kg SPI and 18L of anaerobic reduced  
  salts solution was autoclaved for 112 min at 133 °C, removed the  
  following morning, and placed in the fume hood.  All the controls  
  were then attached and the temperature allowed to equilibrate to  








List of Figures (Continued) 
Page 
 
3.12 Two 55 mL injections of 18 h mid-log phase cultures of Clostridium  
  aminophilum were required to initiate each bioreaction for the  
  conversion of SPI to BAA.  Note the extra heat resistant tape  
  surrounding the septum which was required for ethanol and  
  forced propane flame sterilization prior to each injection ..........................106 
 
3.13 Polynomial regression models of the interaction of  Clostridium 
   aminophilum, soy-protein-isolate and time on  
  bioammonium/ammonia (BAA) production in Expt. 3 in 
  3 separate runs.............................................................................................109 
 
3.14 Pooled polynomial regression models of the interaction of  
  Clostridium aminophilum, soy-protein-isolate and time on  
  bioammonium/ammonia (BAA) production in Expt. 3 ..............................110 
 
3.15 Polynomial regression model of the interaction of Clostridium  
  aminophilum, soy-protein-isolate and time on turbidity  
  (FNU) in Expt. 3 .........................................................................................111 
 
3.16 Polynomial regression models of the interaction of Clostridium  
  aminophilum, soy-protein-isolate and time on oxidation  
  reduction potential (ORP) in Expt. 3 ..........................................................112 
 
3.17 Polynomial regression model of the interaction of Clostridium  
  aminophilum, soy-protein-isolate and time on conductivity  
  (µs·cm
-1
) in Expt. 3 .....................................................................................113 
 
3.18 Conversion of soy-protein-isolate to bioammonium/ammonia at  
  1.8 kg·18L salt solution by Clostridium aminophilum, produced  
  a by-product containing ≈ 50% carbon, similar to a product  
  known as biochar ........................................................................................114 
 
4.1 An illustration of the main biofilm bioreactor and  interior  
  components .................................................................................................137 
 
4.2 A view through the stainless steel retention screen of the biofilm  
  bioreactor showing the pump at the bottom, prior to the  
  addition of the remaining components and biofilm media.  Note  
  the distorted reflection of the air stone in the upper left hand  




List of Figures (Continued) 
Page 
 
4.3 Image of the biofilm media that filled the entire volume of the  
  biofilm bioreactor creating 47 m
2
 of surface area for  
  microbial attachment  ..................................................................................139 
 
4.4 The air-diffuser and water pump with attached polyvinyl chloride  
  piping are shown here secured to the stainless steel base plate.  
  Note the neoprene gasket and the 12 stainless bolts that  
  secured the base to the reactor vessel which is laying on  
  its side to the left  ........................................................................................140 
 
4.5 Stainless steel shower head for uniform solution delivery over the  
  biofilm .........................................................................................................141 
 
4.6 Woven polyester fiber filter pad material was placed on top of the  
  retention screen ...........................................................................................141 
 
4.7 Air compressor capable of producing 36.5 m3·min-1 ........................................142 
 
4.8 Partial control of pH was established with a sensor, controller and  
  dosing pump  ...............................................................................................142 
 
4.9 Biofilm bioreactor base structure with the heating pad attached  
  to the base ...................................................................................................143 
 
4.10 Aluminized bubble wrap insulation was placed around the heating  
  mat prior to being wrapped with reflective fiberglass insulation.  
  Note the black sensor wire coming from the left of the reactor  
  was linked to digital heating controller  ......................................................144 
 
4.11 Heating controller with an external sensor .......................................................145 
 
4.12 Cooling controller containing an internal temperature sensor with  
  the intake valve on the top right and the output valve on the  
  top left .........................................................................................................145 
 
4.13 Entire setup for Expt. 4 in a preliminary run, illustrating the exterior  
  components, including pH control, temperature control, foam  
  control, air compressor, exhaust, CO2 filter and real-time  





List of Figures (Continued) 
Page 
 
4.14 Pooled polynomial regression models of the interaction sample  
  time and oxidation of bioammonium/ammonia to nitrate  
  concentration. Note, pink and green dots are BAA and nitrate  
  measurements, respectively. .......................................................................147 
 
5.1 a  Aerial view of Clemson Coastal Research and Education Center,  
      Charleston, S.C. in spatial relation to historic downtown  
      Charleston.  Photo courtesy 
©
2010 Google - Imagery
©
2010  
      DigitalGlobe, USDA Farm Service Agency, GeoEye, U.S.  
      Geological Survey, Map Data .....................................................................204 
 
5.1 b Aerial view of Clemson Coastal Research and Education Center,  
     Charleston, S.C.  Photo courtesy 
©
2010 Google - Imagery
©
2010  
     DigitalGlobe, USDA Farm Service Agency, GeoEye, U.S.  
     Geological Survey, Map Data .....................................................................205 
 
5.1 c Expt. 5 test site; lat. 32°47‟37‟N, long 80°03‟54‟W showing two  
      research field locations in relationship to soil profiles.  Photo  
      courtesy 
©
2010 Google - Imagery
©
2010 DigitalGlobe, USDA  
      Farm Service Agency, GeoEye, U.S. Geological Survey,  
      Map Data .....................................................................................................206 
 
5.2 a Depleted field planted with sorghum-sudangrass hybrid  
    appearing chlorotic and stunted ..................................................................207 
 
5.2 b Removal in depleted field of field biomass of mowed sorghum- 
    sudangrass hybrid accomplished with a bucket loader.   
    Notice the close-up inset of bare soil after biomass removal .....................208 
 
5.3 a Enhanced field planted with very vigorous sorghum-sudangrass  
    hybrid plant growth .....................................................................................209 
 
5.3 b Wide angle picture and inset of the enhanced field showing the  
   sorghum-sudangrass hybrid plant biomass remaining as a thick  
   surface covering still present after mowing prior to disking and  
   incorporation ...............................................................................................210 
 
5.4 a Depleted field just prior to plastic mulch and drip tape application  
     and fumigation, with an inset in upper right corner showing a  




List of Figures (Continued) 
Page 
 
5.4 b Enhanced field just prior to plastic mulch and drip tape application  
   and fumigation, with an inset in upper right corner showing a  
   close-up of the soil texture ..........................................................................212 
 
5.5 a Chemilizer fertigation delivery system of organic and synthetic  
    nitrogen solutions to test plots and an inset in upper right showing  
    a view of the fertilizer pumps removed and a larger field image  
    depicting elaborate tubing layout that deliver fertility treatments ..............213 
 
5.5 b Illustration depicting location of fertigation pumps that controlled  








Characteristics of Conventional Agriculture 
 
 Conventional agriculture is characterized by rapid technological innovation, large 
capital investments in production and management technology, large-scale farms, single 
crops/row crops grown continuously over many seasons, uniform high-yield hybrid 
crops, extensive use of pesticides, fertilizers, external energy inputs, high labor efficiency  
and dependency on agribusiness (USDA, 1999).  The benefits of conventional agriculture 
are predictable high yielding crops and less expensive vegetables and grain products.   
However, conventional agriculture can have negative environmental implications 
including: misapplied or over applied fertilizers which increase loading of mineral salts in 
soils; decline in soil microbial diversity; surface and ground water nitrate contamination 
from run-off and leaching; and long-term non-sustainability from nonrenewable resource 
usage and depletion (Isherwood, 1998).   
 
Characteristics of Organic Agriculture 
 
 Public awareness of environmental sustainability and desire for healthier foods, 
has led to increased demand for organic vegetables resulting in one of the fastest growing 
agricultural markets in the U.S. (Zehnder et al., 2003).  Upon legislative approval of the 
"Farm Bill" Food, Agriculture, Conservation, and Trade Act of 1990, (P.L. 101-624, Title 
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XVI, Subtitle A, Section 1603) (USDA, 1997), the National Organic Standards Board 
(NOSB) under the National Organic Program was established to govern the production, 
handling and marketing of organic agricultural products.  This board was formed in 
response to increasing consumer and grower concerns of the legalities and specifics of 
organics as integral part of sustainable agriculture.  On 27 April 1995, the NOSB, during 
a full board meeting in Orlando, FL, defined and described organic agriculture as the 
following: 
 
 "Organic agriculture is an ecological production management system that 
promotes and enhances biodiversity, biological cycles and soil biological activity. It is 
based on minimal use of off-farm inputs and on management practices that restore, 
maintain and enhance ecological harmony. „Organic‟ is a labeling term that denotes 
products produced under the authority of the Organic Foods Production Act (enacted 
under Title 21 of the 1990 Farm Bill). The principal guidelines for organic production 
are to use materials and practices that enhance the ecological balance of natural systems 
and that integrate the parts of the farming system into an ecological whole. Organic 
agriculture practices cannot ensure that products are completely free of residues; 
however, methods are used to minimize pollution from air, soil and water. Organic food 
handlers, processors and retailers adhere to standards that maintain the integrity of 
organic agricultural products. The primary goal of organic agriculture is to optimize the 
health and productivity of interdependent communities of soil life, plants, animals and 
people" (USDA, 1995). 
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 Taking these standards and holistic ethical guidelines into account, organic 
growers found a new niche market that has been steadily increasing in popularity.  To 
promote consumer confidence and justify organic vegetable production with regard to 
environmental stewardship, numerous studies were initiated to investigate the yield and 
quality of organic versus conventional vegetable production.  In one survey on the 
nutritional value of crops grown organically versus conventionally, data indicated crops 
grown by organic practices contained significantly more vitamin C, iron, magnesium, and 
phosphorus and were significantly lower in nitrate content and overall yields 
(Worthington, 2001).   Organic vegetable production is a production system that strives 
to be self reliant through the building of healthy soils through the sustainable use 
covercropping and tactical crop rotation.  However, depending on the situation like in 
sandy soils or transitioning growers with depleted soils, organic fertility relies on off-
farm inputs through the use of protein based soil amendments including fish emulsion 
and meal, blood meal, feather meal and green and animal manures, compost and compost 
teas.  Of these, fish emulsion and compost tea is best suited for precision vegetable 
production due to the frequency and ease in which it can be applied either by foliar, soil 
drench or through drip irrigation (Diver, 2001).  However, with regard to compost tea, the 
possible production of pathogenic organisms during the production of compost tea and 
unless routine 3
rd
 party bacterial testing is performed, a 90/120 day restriction has been 
placed on its use in vegetable production.  The rule states that 90 days must pass prior to 
harvest for applications not contacting the edible portion or 120 days prior to harvest for 
applications contacting the edible portion (USDA, 2004).  Growers trying to employ 
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precision prescription fertility programs using compost teas are prohibited by this 
restriction to produce certifiably organic vegetables.  Fish emulsion is well suited for 
precision drip fertigation, yet the use of fish emulsion or preplant application of the other 
types of nitrogenous based soil amendments face the same dilemma that  the nitrogen (N) 
is bound in amino acids and is reliant upon soil microbes to mineralize this N into forms 
available for plant utilization. 
 
Purpose and Goals of This Study 
 
 Although the NOP considers “organic” as a production system and makes no 
claims with regard to yield, nutritional content or safety, there are consumer attitudes 
believing that organic production methods provide produce of greater quality containing 
higher nutritional content than conventionally grown produce.   In general, in order to 
be sold as organic, produce must be certified as such by a recognized governing board.  
Requirements to obtain organic certification involve the restricted utilization of inputs 
including chemical pesticides and fertilizers.  For transitional growers or organic 
growers with sandy soils, external certified products to provide N to the soil have in the 
past been limited to those in which the N remains chemically bound, in the form of 
amino acids, polypeptides, or complete proteins.  This bound N is unavailable to plants.  
In order to be of use, the bound N must be converted to an available form through 
natural decomposition following application, which takes time and provides highly 
variable amounts of N, yet has long term sustainability with potential short term 
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consequences with regard to unpredictable yields and market windows.  Conventional 
vegetable production, in contrast, has utilized industrially produced synthetic N in the 
form of ammonia/ammonium and nitrate that is readily available to plants as compared 
to bound N of organic fertilizers and can be applied in precise amounts at critical stages 
of plant development, yet can have negative environmental consequences.  Methods for 
forming synthetic N, however, typically include conversion processes utilizing as 
starting materials nonrenewable resources such as natural gas, liquefied petroleum gas, 
or petroleum naphtha.  Thus, utilization of synthetically-produced ammonia and/or 
ammonium is not conducive to organic production methods.  The overall goal of this 
research is purpose driven with the need to produce environmentally sustainable 
methods/systems to produce plant available N forms as ammonia and/or ammonium 
and nitrate for precision vegetable production.  Five experiments were planned and 
conducted in a stepwise fashion to develop and compare a biologically derived organic N 
solution (ONS) to a synthetic N solution (SNS) under conventional cultural practices, 




 The goal in this experiment was to determine which hyper-ammonia-producing 
(HAP) species and N substrate combination that produced the maximum amount of 
bioammonium/ammonia (BAA) content to be further investigated and maximized in 
following experiment.  Three (HAP) bacterial species including; Clostridium 
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aminophilum, Peptostreptococcus anaerobius and Clostridium sticklandii were cultured 
with five N substrates including; soy-protein-isolate (SPI), blood meal, feather meal, 




 Once it was discovered that C. aminophilum cultured with SPI alone produced the 
greatest BAA concentrations than any other HAP species and N substrate treatment 
combinations, it was the goal in this experiment to maximize BAA production in 
minimum time and SPI and use this information as the basis for upscaling in the 




 It was concluded in the previous experiment that C. aminophilum cultured with 
SPI at rates of 1.0 g·10 mL
-1
 salt solution produced the most stable, reproducible and 
maximum amount of BAA in 96 h. Therefore, the goal in this experiment was to upscale 
this reaction from 1.0 g·10 mL
-1
 to 1.8 kg·18 L
-1
.  This level of production provided 








 The goal in this experiment was the conversion of BAA from the previous 
experiment into nitrite by Nitrosomonas europaea, Nitrosomonas sp. (16968-3) and 
Nitrosospira briesis and then into nitrate by Nitrospira moscoviensis and Nitrobacter sp. 
(16969-4) in a modified highly aerobic biofilm bioreactor.  It required the necessary 
concentrations and amounts for precision fertigation of sweet corn in field in the final 
experiment that compared ONS to SNS.   Both the ONS and the SNS were then amended 
with organic certified sources of phosphorus, potassium macro and micronutrients to 




 The ultimate goal, built on results of the previous experiments, was to test the 
hypothesis in the final experiment:  The “cultural practices” to generate an organic ONS 
will be formulated through the mediation of specific microbial organisms which when 
used to grow sweet corn, will increase yield, quality and health promoting compounds 
including minerals, phenolic acids and carotenoids in contrast to sweet corn grown with 
SNS.  In testing of this hypothesis, two different shQ sweet corn cultivars, two different 
soil qualities, ONS and SNS fertilizers at three rates including an unfertilized control 
were used.  It was desirable that data from this experiment be expanded upon in the 
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future and applicable to a variety of different growers in numerous situations under a 
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Three hyper-ammonia-producing (HAP) ruminant bacteria, Clostridium 
aminophilum, Peptostreptococcus anaerobius and Clostridium sticklandii were cultured 
anaerobically using five different organic nitrogen substrates to determine their efficiency 
in producing bioammonium/ammonia (BAA) or biologically derived ammonium, a term 
defined in this study.  This BAA will eventually will undergo further bioconversion to 
organic ammonium nitrate fertilizer for precision vegetable fertilization.  The five 
substrates were soy-protein-isolate (SPI), bloodmeal (BM), feathermeal (FM), dried fish 
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(DF) and yeast extract (Y) used alone and in combination with Y.  All three bacterial 
species grew with the five substrates and nine substrate combinations and produced BAA 
but C. aminophilum produced significantly the greatest BAA content in culture with SPI 
alone.  Clostridium sticklandii produced the second greatest BAA content when cultured 
with DF+Y without any significant difference when cultured with Y alone.  
Peptostreptococcus anaerobius produced significantly less BAA content than C. 
aminophilum and C. sticklandii and P. anaerobius  produced the most BAA when 
cultured with DF+Y without any significant difference when cultured with DF alone.  
Therefore, C. aminophilum and SPI were selected for further experimentation to attempt 
to increase BAA concentration to its maximum. 
 
Keywords: anaerobic, BAA, hyper-ammonia-producing (HAP), ruminant, Clostridium 




Public awareness and demand for healthier foods has led to an increased 
consumption of organic vegetables resulting in one of the fastest growing agricultural 
markets in the U.S. (Zehnder et al., 2003).   Plants can only absorb nutrients in 
mineralized form as ammonium or nitrate (Marschner, 1995).  Organic sources of 
nitrogen (N) are bound in proteins, polypeptides and amino acids; prior to uptake by a 
plant, microorganisms must convert these sources into mineral forms (Gaskell and Smith, 
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2007).  Many different species of microorganisms accomplish this conversion in a variety 
of terrestrial, aquatic and symbiotic environments.  In typical agricultural settings, these 
microbial mediated transformations occur in the soil rhizosphere of the plant.  These 
transformations are highly variable and dependent on a healthy soil food web, favorable 
climatic and environmental conditions (Hanselman et al., 2004).  These conditions are 
especially lacking in sandy soils common on South Carolina‟s coastal plain region.  
Infertile soils in this region also plague the success of conventional growers transitioning 
to organic production.  Organically-grown crops growing on these infertile soils may 
demand more available N than the soils can provide, complicated by very slow 
mineralization rates and poor timing of the availability of the actual plant available N 
crucial for specific growth stages (Berry et al., 2002).  Therefore, a great challenge in 
conducting research on any comparison of organic versus conventional vegetable 
production is that organic forms of fertilizers should be in the same mineralized form as 
conventional fertilizers, since bound N cannot benefit plant growth until mineralized and 
made plant available.  Lack of available N during critical growth stages can result in 
nutrient deficiencies, delayed maturity, lack of uniform maturity, lower yields and quality 
changes. 
 
The first step in the mineralization of organic matter and N rich proteins in the 
rhizosphere is the production of ammonia.  In an effort to quantify mineralization rates of 
organic fertilizers in soils, Hartz and Johnstone (2006) compared the mineralization rate 
of feather meal (FM), dried fish (DF) and blood meal (BM) mixed with field soil 
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incubated for eight weeks at 10, 15, 20 and 25 °C, respectively.  Nitrogen mineralization 
rates were not significantly different at differing temperatures and occurred rapidly for 
the first two weeks.  Across all temperatures, eight-week N mineralization averaged 60%, 
62% and 66% for FM, DF and BM, respectively.  Although slow mineralization rates can 
be an advantage in certain scenarios, the mineralization rates of these soil amendments in 
the above study are still far too slow to utilize in precision fertilization of vegetable crops 
in order to maximize yields, quality and meet market windows.  Therefore, 
microorganisms existing naturally in the soil in Hartz and Johnstone‟s experiment failed 
to mineralize these organic fertilizers fast enough for optimal crop growth.  
Microorganisms capable of accomplishing more efficient rates of mineralization in 
bioreactor situations for controlled mineralization of these organic N substrates need 
further investigation. 
 
The largest source of ammonia production in natural environments is not  
terrestrial or aquatic but is in ruminant digestion as the loss of protein-based urea N 
through the symbiotic metabolism of rumen microorganisms (Asman et al., 1998).  
Efficiency of dietary N is only up to 15% of the total N consumed in ruminants‟ diet, and 
the remaining 85% can be lost through excretion (Bierman, 1995).  Scientists have 
estimated as much as 50% of N in ruminant feed is lost as ammonia.   In ruminant 
nutrition, amino acid deamination is nutritionally wasteful.  Early attempts by Russell et 
al. (1988) to isolate bacteria responsible for excess ammonia production in the rumen 
concluded that Peptostreptococcus and Clostridium species were the organisms 
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responsible when soybean meal was an ingredient in ruminant feed.  This early work 
eventually gave rise to the isolation and characterization of a novel new group of obligate 
amino acid fermenting bacteria designated as hyper-ammonia-producing (HAP) and of 
particular interest was the discovery of three new HAP species; P. anaerobius, C. 
sticklandii and C. aminophilum (Paster et al., 1993).  In continuous culture, these bacteria 
had developed an affinity for yeast extract at 0.5 g·L
-1 
(J. B. Russell, personal 
communication).  Recent interest in HAP bacterial species has developed strategies to 
inhibit their growth since the cost of feed supplements to cattle producers is expensive 
and the loss of nitrogen from these organisms is very wasteful.  
 
Blood meal, FM, DF, Y extract and soy-protein-isolate (SPI) are used as feed 
supplements but are also used as organic fertilizer amendments since they are protein-
based and rich in nitrogen.  Blood meal, FM, DF, Y and soy-protein are rich in N and 
contain specific amino acids that are conducive to rapid growth of HAP species; they also 
produce large amounts of ammonia byproduct that may be used in organic crop 
production.  The goal in this experiment was to orchestrate the conversion of a protein 
source by HAP species in some novel bioreactor, similar to a ruminant digestion, with 
various organic N substrates to capture and produce organic ammonia/nitrate at a known 
concentration and use this product to precision fertilize vegetables organically. 
 
The objective of this study was to evaluate the ammonia producing ability of P. 
anaerobius, C. sticklandii and C. aminophilum grown in vitro in pure culture on BM, 
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FM, DF, Y extract and SPI, to subsequently identify one bacteria species and protein 
substrate that produces the maximum ammonia concentrations for its ultimate use as an 
ammonia/nitrate fertilizer in organic crop production. 
 
MATERIALS AND METHODS 
 
Generating Anaerobic Conditions  
 
 Prior to initiating this experiment, specific anaerobic conditions were developed 
according to work pioneered by Robert E. Hungate (Hungate, 1950) and published in the 
Anaerobe Laboratory Manual 4
th
 ed. 1977, Anaerobe Laboratory, Virginia Polytechnic 
Institute and State University, Blacksburg, Va.  Anaerobic gas utilized throughout the 
process consisted of 10% carbon dioxide (CO2), 10% hydrogen (H2) and 80% nitrogen 
(N2)  (Airgas National Welders Supply Company, Charleston, S.C.).  Because ruminant 
HAP bacteria are obligate anaerobes, the gas used to prepare the media for their growth 
must be completely anaerobic.  Although the gas mixture mentioned above did not 
contain any oxygen, there were minuscule amounts of contaminant gases, but most 
importantly, oxygen critically needed to be removed prior to any media preparation.  To 
scrub out all oxygen contamination of the gasses, the above mentioned gas was passed 
through a copper shaving-filled borosilicate glass tube (Fig. 1.1) 1.5 m (length), 48 mm 
(o.d.) and a thickness of 4 mm (Texas A&M, Department of Chemistry and 
Engineering, College Station, Texas).  This tube was wrapped with HTS/Amptek  (2.5 
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cm wide x 1.8 m long) fiberglass shielded heating tape (model AWO-0120-080 HTS; 
Amptek Company, Stafford, Texas) and heated to 300 °C which was controlled by a 
Thermolyne, type 45500, input controller (model CN45515; Thermo Fisher Scientific, 
Inc., Waltham, Mass.) (Fig. 1.2).  This gas was passed from the bottom of the anaerobic 
tube and directed to the top of the tube at 20 kPa and controlled by a Purox oxygen 
regulator (model R-72-75-540 21524; ESAB Group, Inc., Florence, S.C.) (Fig. 1.3).  Any 
oxygen contamination present produced cupric oxide within the tube which indicates 
that the gas is completely anaerobic at this point.   
 
Basal Salt Solutions Preparation 
 
 Prior to the experiment and for the initial culture and maintenance of the 
bacterial cultures, two stock salt solutions, a buffer solution and a stock 
oxidation/reduction potential (ORP) color indication solution were prepared. All 
chemicals and salts were obtained from Sigma-Aldrich, Inc., St. Louis, Mo. Salt solution 
A contained (per liter) distilled H2O: 7.3 g potassium phosphate dibasic trihydrate 
(K2HPO4 *3H2O). Salt solution B contained (per liter) distilled H20: 6.0 g potassium 
phosphate monobasic (KH2PO4), 12.0 g ammonium sulfate ((NH4)2SO4), 12.0 g sodium 
chloride (NaCl), 2.5 g magnesium sulfate hepahydrate (MgSO4*7H2O) and 1.6 g 
calcium chloride dihydrate (CaCl2*H2O).  The ORP solution contained (per 100ml) 




 To prepare the salt solution anaerobically, 50 mL of salt solution A and 50 mL 
of salt solution B were added to a 1.0 L Erlenmeyer vacuum flask with a sidearm (Fig. 
1.4).  The flask was topped with a butyl rubber stopper with one hole drilled through it 
containing a 6.4 mm diameter stainless steel tube extending 12.7 mm from the bottom 
of the flask to 50.8 mm above the stopper.  This tube was attached to butyl rubber 
hosing in which the anaerobic gas supply was allowed to enter.  The side arm of the 
flask was fitted with butyl rubber hosing and wrapped with aluminum foil allowing gas 
to escape.  Eight hundred fifty mL distilled H2O and 1 mL of the stock ORP solution 
were added to the flask. The solution immediately turned from clear to purple (Fig. 
1.5). The combined salt solution was then heated to boiling point and allowed to boil 
for 1 min with continued gassing (Fig. 1.6).  The solution was then immediately placed 
in an ice bath while continuing to be gassed.  
  
 In a separate 250 mL Erlenmeyer flask, a buffering solution was prepared by 
adding 4 g sodium carbonate (Na2CO3) to a 250 mL Erlenmeyer flask, and 50 mL 
distilled H2O was then added and the flask was covered with aluminum foil.  Attached 
to anaerobic gas via butyl rubber hosing, an 18 gauge 22.9 cm needle (model 9875; 
Candence Science, Inc., Lake Success, N.Y.) was then inserted through the foil until the 
syringe touched the bottom of the flask (Fig. 1.7).  Anaerobic gas was bubbled through 
the solution and heated until boiling point and then rapidly cooled in an ice bath as the 
gas continued to bubble through the solution.  This buffering solution was then 
transferred to the cooling salts solution using an anaerobic gas flushed pipette.  The 
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solution then turned from blue to bright pink followed by a bleached pink coloring (Fig. 
1.8).  Next, 0.6 g of L-cysteine hydrochloride monohydrate (C3H7NO2S-HCl-H20) was 
added directly to the flask by cracking the stopper, causing the solution to turn bright 
fluorescent pink (Fig. 1.9).  This solution, containing the ORP indicating solution, the 
buffering solution and L-cysteine hydrochloride monohydrate remained in an ice bath 
and continued to be gassed for 1 h until the solution turned totally clear.   
  
 After 1 h of gassing, the flask containing the now reduced and anaerobic salts 
solution, 15 mL borosilicate septum anaerobic test tubes, (model 2048-18150; Bellco 
Glass, Vineland, N.J.) (Fig. 1.10) was gassed with anaerobic gas with an 18 gauge 
stainless steel needle as described before to purge atmospheric oxygen (Fig. 1.11).  
Next, 10 mL of the now reduced anaerobic salts solution were added via a pipette as 
described before (Fig. 1.12).  The pipette was removed while the needle was still 
purging atmospheric air from the test tube.  A butyl rubber stopper was inserted 
simultaneously as the needle was removed and an aluminum septum cap was mounted 
and crimped over the test tube.  Once all test-tubes were prepared, they were autoclaved 
for 20 min at 121 °C.  The test tubes were removed from the autoclave, placed in a 
Precision water bath (model 51221080; Thermo Fisher Scientific, Inc., Waltham, 
Mass.) incubation chamber at 39 °C and allowed to equilibrate (Fig. 1.13).  
 
Active cultures of C. aminophilum (ATCC 49906), C. sticklandii (ATCC 12662), 
and P. anaerobius  (ATCC 27337) were obtained from the USDA, Southern Plains 
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Agricultural Research Center, Food and Feed Safety Research Unit, College Station, 
Texas.  For culture maintenance prior to this experiment, the cultures were maintained 
anaerobically in a basal broth containing the reduced and buffered salt solutions and two 
nutrient sources consisting of: 1) casamino acids as a nitrogen source product #C-366; 
and 2) yeast extract as a vitamin source (product Y-766; LabScientific, Inc., Livingston, 
N.J.).  The nitrogen solution contained 15 g casamino acids per 50 mL distilled H2O.  The 
vitamin solution contained 15 g yeast extract per 50 mL distilled water.  The technique to 
prepare the two nutrient solutions was the same as the buffer solution with the exception 
that the solution was anaerobically pipetted into a 125 mL anaerobic jar (model 2048-
18151; Bellco Glass, Vineland, N.J.) and then autoclaved as before.  Cultures were 
individually maintained every 72 h by anaerobically adding 1 mL of casamino acids 
and 1ml yeast extract to a 10 mL salt solution test tube using aseptic techniques.  The 
test tubes were individually inoculated with 0.5 mL of 18 h mid-log phase bacterial 
inoculants using an anaerobically purged 21 gauge syringe 38.1 mm needle (model 
305274; Becton, Dickinson and Co., Franklin Lakes, N.J.) and placed in a heated water 
bath at 39 °C (Fig. 1.14).   
 
In this experiment, the following nitrogen rich organic substrates were utilized:  
DF (Hydrolyzed Fish Protein Powder, California Spray Dry, Colo., Stockton, Calif.); FM 
(Boer Commodities, Inc., Fresno, Calif.); BM (Phyta-Grow
®
 Big Red 13-0-0; California 
Organic Fertilizers, Inc., Fresno, Calif.); SPI (Soy-N-Ergy
®
 ISP 90; NewOrganics, LLC., 
Ann Arbor, Mich.); and Y extract (Product 3011; Savoury Systems International, Inc., 
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Branchburg, N.J.).  Each bacterium has specific amino acid and total N requirements for 
optimal growth and bioammonium/ammonia production (Table 1.1). 
 
Yeast extract contains growth enhancing vitamins according to Salanitro et al., 
(1974) and Wilkins and Chalgren (1976); therefore, all N substrates were tested with and 
without Y extract to test this effect.  During the preparation of the individual treatments 
(Table 1.2) and prior to sterilization, 0.1 g each of the substrates were added to the 
anaerobic test tubes with 10 mL of the anaerobic reduced salt solution and capped as 
before.  The treatments were then sterilized and placed in the water bath and allowed to 
equilibrate at 39 °C prior to inoculation as before.  For this experiment the ammonium 
sulfate in salt solution B was excluded. The experiment unit sample consisted of 2 test 




 For measurement of BAA production, 0.5 mL aliquots of cultures were removed 
anaerobically with an anaerobically-purged syringe as described before at 24 h and 96 h 
and immediately stored at -20 °C until analysis.  Prior to determining BAA production, 
samples were removed from the freezer, allowed to thaw to room temperature, 
particulates allowed to settle to the bottom of the syringe and the supernatant removed for 
analysis.  Ammonia concentrations were determined by the colorimetric method of 
Chaney and Marbach (1962) as modified by Cotta and Russell (1982).  This method was 
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modified again by maximizing the standard curve and diluting the samples by a factor of 
three.  Each sample for each rep was run three separate times and then analyzed to obtain 
an accurate reading.  Ammonia concentrations were measured with Molecular Devices  
SPECTRA max PLUS 384 spectrophotometer microplate reader at 630 nm
-1
 (Molecular 
Devices, MDS Analytical Technologies, Inc., Sunnyvale, Calif.).   
 
Preparation of Treatment Samples 
 
1.  Phenol reagent: 50 g phenol (solid crystal) and 0.25 g sodium nitroferricyanide 
Na2[Fe(CN)5NO]·2H2O diluted to 1.0 L with distilled H2O and stored in light shielded 
flask in a refrigerator. 
2. Hypochlorite reagent: 25 g NaOH and 16.8 mL of Clorox diluted to 1.0 L with distilled 




1.  Dilute culture treatment sample by a factor of 3 with distilled H2O.    
2.  Add 50 µL of culture treatment sample to borosilicate glass test tube. 
3.  Add 3.0 mL phenol reagent and manually mixed. 
4.  Add 3.0 mL hypochlorite reagent and manually mixed. 
5.  Incubate at 39 °C for 20 min and occasionally manually mixed. 
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6.  Manually mixed by hand for the last time and then 0.5 µL added to a NUNC 96 well 
microplate, (model 9504010; Thermo Fisher Scientific, Inc., Rochester, N.Y.) and 
measured spectrophotometrically with a microplate reader at 630 nm
-1
 (model SPECTRA 





 Stock ammonium/ammonia standards were prepared in 250 mL Erlenmeyer 
flasks (Table 1.3).  The standard curve test tubes were prepared in the same manner as 
the culture samples by adding 50 µL stock NH4Cl to each test tube.  Depicted in Fig. 
1.15, is the layout of the microplates with the standards in the first 2 rows and the 
culture samples in the remaining rows. 
 
RESULTS AND DISCUSSION 
 
Spectrophotometric data was statistically analyzed using MSTAT-C Version 1 
(1983) Mich. State Univ. using analysis of variance (ANOVA).   The relative importance 
of each source of variation and interaction in the ANOVA were partitioned (Table 1.4).  
Of all sources, bacteria species accounted for the greatest amount of variation (47.1 %.)  
Replication accounted for only 2.9% of the variation indicating repetitions of this 
experiment were very similar and predictable to each other.   Substrate was also highly 
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significant at P ≤ 0.0001 level accounting for only 4.2% of the variation.  The interaction 
of HAP species with substrate was highly significant and accounted for 17.0% of the 
variation, which indicated that not all bacteria responded similarly to substrate.  The main 
effect of time of BAA evolution was also highly significant and accounted for 9.7% of 
the variation.  The interaction of HAP species with time was highly significant 
accounting for 4.0% of the variation.  Due to a lack of replication and small sample size, 
uncontrolled error accounted for 11.3% of the variation.  The coefficient of variation (CV) 
for this experiment was considered low at 31.1%.   
 
Of greatest importance in this experiment was the interaction between HAP 
bacteria and substrates on BAA production (Fig. 1.16).  All three HAP species grew with 
the nine organic N substrate combinations and produced BAA; however, there was a 
clear superiority among the HAP species.  Peptostreptococcus anaerobius was the least 
efficient bacteria, producing significantly equal amounts of BAA with all nine organic N 
substrate combinations.  Clostridium sticklandii tended to produce intermediate BAA 
concentrations compared to P.  anaerobius and C. aminophilum in all experimental 
combinations, producing significantly the same BAA concentrations on SPI+Y, BM, 
BM+Y, FM+Y, DF, DF+Y and Y alone and the lowest BAA concentrations on SPI and 
FM.   Consistent with the literature (Paster et al., 1993) C. aminophilum produced the 
greatest BAA concentrations compared to P. anaerobius and C. sticklandii.  Clostridium 
aminophilum produced significantly the greatest BAA concentration when cultured on 
SPI alone (7.23 mM) and significantly greater than any other HAP species or organic N 
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substrate combination. Clostridium aminophilum produced significantly less BAA when 
Y was added to SPI and BM indicating the suppressive effect of Y with those two organic 
N substrates; however, when Y was added to FM and DF there was no significant 
decrease in BAA concentration.  Regarding C. aminophilum alone, when cultured with Y 
alone, produced the significantly lowest BAA concentrations.  When pooled over organic 
N substrates, C. aminophilum produced the greatest BAA concentrations at 96 h than the 
other two HAP species; with C. sticklandii producing significantly equal BAA 
concentrations at 96 h when compared to C. aminophilum at 24 h (Fig. 1.17).    
Peptostreptococcus anaerobius significantly produced the lowest BAA concentrations 
and was unaffected by time.  
 
Considering the initial goal of determining one HAP species and one organic N 
substrate combination capable of producing the greatest BAA concentrations in minimum 
time was achieved with C. aminophilum producing the most BAA when cultured with 
SPI at 96 h, the data was further analyzed in a separate ANOVA.  The interaction 
between C. aminophilum, substrate and time was highly significant at P ≤ 0.0001 (Table 
1.5). The total error accounted for only 7.8% of the total variation with a small CV 
(14.4%).   Finally, there was clear indication that C. aminophilum produced more BAA 








 In the ruminant husbandry and rendering industry, nutritionists have long studied  
methodologies to increase diet efficiencies to maximize the protein in the rendered 
product and to decrease waste end products.  In doing so, a group of bacteria has been 
identified as a major source of this waste; hence, ruminant nutritionists developed the 
means to eliminate these wastes.   Consequently, ammonium and ammonia were the 
waste byproducts, which are the very important inputs and sources for all fertilizers 
fabricated!  In this experiment it was proposed that instead of trying to decrease or  
eliminate these bacteria, it was possible to utilize these bacteria and maximize their 
ability to produce BAA as a mechanism to produce organically derived N fertilizers. 
 
This experiment was implemented to accomplish two primary objectives:  1) 
determine which HAP bacteria produced the greatest rate and amount of BAA; and 2) to 
determine the organic N substrate combination that enhanced the greatest BAA rate and 
concentration in a minimum of time.  When three different HAP bacteria were cultured 
with nine different organic N substrate combinations for a 96 h period, C. aminophilum 
produced the significantly greatest BAA concentration when cultured with SPI alone at 
96 h.  However, when C. aminophilum was cultured with SPI+Y and BM+Y, BAA 
decreased indicating a suppressive effect of Y.  Peptostreptococcus anaerobius being 
least efficient, produced significantly equal BAA amounts when cultured with all organic 
N substrate combinations and was unaffected by time nor the addition of Y.  Clostridium 
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sticklandii was the only bacteria that produced more BAA when Y was added to SPI and 
FM only.  Because of its superiority, the combination of C. aminophilum and SPI were 
chosen for further experimentation in an attempt to maximize the rate and the amount of 






































Fig. 1.1.  Anaerobic Hungate column filled with copper shavings for the purging of O2 
contamination from the anaerobic gas.  Note the pink highly reduced copper shavings in 
the column on the left and the grayish pink oxidized copper shavings in the column on 




Fig. 1.2.  Temperature controller on the right that heated the copper-filled Hungate 





Fig. 1.3.  Oxygen gas regulator used to control the anaerobic gas through the Hungate 











Fig. 1.4.  Erlenmeyer vacuum flask with salt solutions A and B prior to the addition  

















Fig. 1.5.  Erlenmeyer vacuum flask with salt solutions A, B and ORP indicator. Note 











Fig. 1.6.  Salts and ORP solution are boiled and gassed.  Note the bubbles on top of the 












Fig. 1.7.  Buffering solution was prepared by heating the sodium carbonate solution to 











Fig. 1.8.  Salt solutions A and B after addition of the buffer solution and packed in ice. 
After the buffering solution was cooled and added, the solution turned bright pink and  












Fig. 1.9.  Buffered salts solutions A and B after the L-cysteine hydrochloride 
monohydrate was added.  Note the solution had turned bright pink at this point.  Once 
complete anaerobiosis and reduction to approximately -150 mV were achieved, the 












Fig. 1.10.  Anaerobic test tube, butyl rubber stopper and aluminum crimping cap were 




















Fig. 1.11.  Anaerobic test tubes were purged with anaerobic gas prior to the addition of 
the reduced anaerobic salt solution.  Note the tubes on the right with the installed blue 
septums have had the reduced anaerobic salt solution already added prior to aluminum 












Fig. 1.12. Anaerobic test tubes were filled by pipetting the reduced anaerobic salt solution 












Fig. 1.13.  Water filled bath incubation chamber heated to 39 °C used to hold the 












Fig. 1.14.  Syringe and needle were purged with anaerobic gas to eliminate O2 












Table 1.1. Percentages of amino acid, total protein and total nitrogen of the five nitrogen 














Alanine 7.7 3.5 4.6 4.3 5.4 
Arginine  4.2 5.9 4.4 8.9 2.6 
Aspartic acid 7.2 4.9 6.4 11.4 5.4 
Cystine  1.2 3.7 0.7 1.1 0.1 
Glutamic acid 8.8 9.9 9.2 18.9 10.4 
Glycine 4.5 6.8 5.4 4.1 2.9 
Histidine  6.5 0.4 2.0 4.1 1.2 
Isoleucine  3.2 4.2 3.0 4.4 3.8 
Leucine 11.4 6.5 5.1 7.8 4.7 
Lysine 7.9 1.8 5.6 6.2 4.6 
Methionine 1.1 0.8 2.3 1.5 0.8 
Phenylalanine  6.2 3.5 2.8 5.1 3.6 
Proline 4.6 8.0 3.5 5.2 1.9 
Serine  4.1 9.5 2.7 5.2 1.7 
Threonine 3.5 3.8 3.0 3.7 1.6 
Tryptophan  1.2 0.3 0.7 1.1 0.5 
Tyrosine 2.3 1.9 2.2 4.0 0.8 
Valine 7.1 6.0 3.5 4.4 4.1 
________________________________________________________________________ 
Total protein  86 84 82 90 77 




















Table 1.2.  Hyper-ammonia-producing (HAP) bacteria species and 








Clostridium aminophilum SPI 
Peptostreptococcus anaerobius SPI 
Clostridium sticklandii SPI 
Clostridium aminophilum SPI + Y 
Peptostreptococcus anaerobius SPI + Y 
Clostridium sticklandii SPI + Y 
Clostridium aminophilum BM 
Peptostreptococcus anaerobius BM 
Clostridium sticklandii BM 
Clostridium aminophilum BM + Y 
Peptostreptococcus anaerobius BM + Y 
Clostridium sticklandii BM + Y 
Clostridium aminophilum FM 
Peptostreptococcus anaerobius FM 
Clostridium sticklandii FM 
Clostridium aminophilum FM + Y 
Peptostreptococcus anaerobius FM + Y 
Clostridium sticklandii FM + Y 
Clostridium aminophilum DF 
Peptostreptococcus anaerobius DF 
Clostridium sticklandii DF 
Clostridium aminophilum DF + Y 
Peptostreptococcus anaerobius DF + Y 
Clostridium sticklandii DF + Y 
Clostridium aminophilum Y 
Peptostreptococcus anaerobius Y 
Clostridium sticklandii Y 
_______________________________________________________ 
z
 SPI = Soy-protein-isolate, BM = Blood meal, FM = Feather  











Table 1.3. Composition of the ammonium chloride   






1 M  
(mL) 
________________________________________ 
0  200.00 0.00 
1  198.96 1.04 
3  196.87 3.13 
6  193.75 6.25 
12  187.50 12.50 
24  175.00 25.00 
36  162.50 37.50 
48  150.00 50.00 































Fig. 1.15.  Standard curve and culture treatment samples were pipetted into test tubes and 
microplates and prepared prior to ammonia spectrophotometric analysis.  Note the 



















Table 1.4.  Sources of variation in the analysis of variance of 
hyper-ammonia-producing (HAP) bacteria species, nitrogen 









Rep 27.4 2.9  **** 
HAP species (A) 441.9 47.1  **** 
Substrate (B) 39.1 4.2  **** 
AB 159.8 17.0  **** 
Sample (C)  0.2 0.0  NS 
AC 0.1 0.0  NS 
BC 0.6 0.0  NS 
ABC 1.2 0.1  NS 
Time (D) 90.5 9.7  **** 
AD 37.5 4.0  **** 
BD 7.1 0.7  NS 
ABD 23.7 2.5  NS 
CD 0.1 0.0  NS 
ACD 0.4 0.0  NS 
BCD 0.9 0.1  NS 
ABCD 1.5 0.1  NS 
error 105.8 11.2   
__________________________________________________ 
CV 31.1   
__________________________________________________ 
**** indicates significance at the P ≤ 0.0001 level.  
NS indicates not significant at P = 0.05. 
z 













Fig. 1.16.  Interaction of hyper-ammonia-producing bacteria species and nitrogen substrates (pooled  
over time) on bioammonium/ammonia production.  Letters above columns indicate significant differences  













































Species + source 
 = Clostridium aminophilum            = Peptostreptococcus anaaerobius          = Clostridium sticklandii 
SPI = Soy-protein-isolate   BM = Blood meal   FM = Feather meal    DF = Dried fish meal  Y = Yeast extract 
48 
 
Fig. 1.17.  Interaction of hyper-ammonia-producing bacteria (HAP) species and time (pooled over organic  
nitrogen substrates) on bioammonium/ammonia production.  Letters above columns indicate significant  
















Clostridium            
aminophilum    
Peptostreptococcus 
anaerobius    
















NH4 / 24 h 
NH4 / 96 h 
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Table 1.5.  Sources of variation in the analysis of variance of 
nitrogen substrate and time on bioammonium/ammonia (BAA) 








Rep 3.2 1.0 
 
NS 
Substrate  (A) 161.2 52.1 
 
**** 
Time      (B) 99.7 32.2 
 
**** 
AB 20.8 6.7 
 
**** 






**** indicates significance at the P ≤ 0.0001 level.  
NS indicates not significant at P = 0.05. 
z















Fig. 1.18. Interaction of organic nitrogen substrates and time on bioammonium/ammonia production of  













































SPI = Soy-protein-isolate    BM = Blood meal   FM = Feather meal   DF = Dried fish meal   Y = Yeast extract 
NH4 / 24 h 
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 In previous research in Expt. 1, three hyper-ammonia-producing (HAP) bacteria 
were anaerobically cultured with five organic nitrogen (N) substrates and nine substrate 
combinations to determine the bacteria and organic N substrate combination that 
produced the greatest bioammonium/ammonia (BAA) for eventual bioconversion to 
certified organic ammonium nitrate fertilizer for use in precision vegetable fertilization.  
Clostridium aminophilum significantly produced the greatest BAA content when cultured 
with soy-protein-isolate (SPI) alone, therefore, C. aminophilum and SPI were selected for 
further experimentation to maximize BAA production.  In Expt. 2a, C. aminophilum was 
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cultured with SPI at rates ranging from 0.1 g·10 mL
-1
 salts solution to 1.0 g·10 mL
-1
 salts 
solution in 0.1 g intervals, and BAA concentrations linearly increased at rates from 0.1 - 
0.7 g respectively and non-linearly and never plateauing at rates from 0.8 - 1.0 g, 
respectively, when measured every 24 h for 120 h, yet never plateaued.  Therefore, this 
experiment was expanded in Expt. 2b and C. aminophilum was cultured with SPI rates 
from 0.8 g·10 mL
-1
 salts solution reaching SPI‟s maximum solubility level at 1.6 g∙10 
mL
-1
 salts solution at 0.2 g intervals and measured BAA content every 24 h for 168 h.  It 
was concluded that there was no significant benefit in culturing C. aminophilum with 
more than 1.0 g·10 mL
-1
 for more than 96 h to achieve maximum BAA concentrations.  
In order to produce BAA amounts required for fertilization in field trials, BAA needed to 
be up-scaled in a batch bioreactor.  
 




Controversy has increased in mass media comparing the yield, quality and 
nutritional superiority of organically produced vegetables versus conventionally produced 
vegetables (Bourn and Prescott, 2002).  Peer reviewed scientific evidence of the 
nutritional superiority of organic vegetables is scarce (Magkos et al., 2006).  Plants can 
only utilize nitrogen (N) in the mineralized form commonly found in conventional 
fertilizers; in contrast, organic growers often rely on cover crops, green manure crops and 
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compost to supply slow release N fertilizer required for crop growth (Marschner, 1995).  
Nitrogen in organic fertilizers; however, is often bound in unavailable forms which 
slowly benefit plant growth until the bound N is mineralized by soil microorganisms.  
Although organic N sources are considered more sustainable, slow mineralization rates 
can lead to nutrient deficiencies, missed market windows and reduced earliness, yield and 
quality. 
 
In addressing N, the differences inherent in organic versus conventional 
fertilizers, I proposed using nontraditional novel techniques and non-rhizosphere 
microorganisms responsible for N mineralization in ruminants to supply available organic 
N fertilizers.  In Expt.1, we concluded that when three HAP ruminant bacteria, C. 
aminophilum, Peptostreptococcus anaerobius and Clostridium sticklandii were cultured 
anaerobically using soy protein isolate (SPI), blood meal (BM), feather meal (FM), dried 
fish (DF) and yeast extract (Y) used alone and in combination with Y, C. aminophilum 
produced significantly the greatest bioammonium/ammonia  (BAA) content in culture 
with SPI alone.  Early nutritional studies indicated that C. aminophilum prefers 
glutamine, glutamate, serine and histidine as carbon sources (Paster et al., 1993).  Later it 
was discovered that among the amino acids metabolized, C. aminophilum also has a high 
affinity for leucine, serine, threonine, glycine, phenylalnine and methionine (Krause and 
Russell, 1996).  These amino acids are found in high concentrations in SPI making it an 
ideal N substrate for growth of C. aminophilum for controlled BAA production for 
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eventual bioconversion to ammonium nitrate for use in precision fertigation of vegetable 
crops.    
 
A successful method for culturing C. aminophilum in a basal broth solution has 
been demonstrated in a study on antibiotic resistance (Holihan and Russell, 2003).  
Reducing the pH from 6.7 to 5.5 decreased ruminal protein deamination by a factor of 10 
in mixed culture (Erfle et al., 1982).  The obligate amino acid-fermenting bacterium C. 
aminophilum grew in continuous culture at a pH of 5.2, and it is one of the most acid 
resistant bacteria in the rumen although ammonia production is optimal at pH of 6.2 
(Chen and Russell, 1989).  The rumen normally contains high sodium content, and C. 
aminophilum overcomes this obstacle with a membrane-bound, biotin-dependent 
glutaconyl CoA decarboxylase reaction, which enables it to pump sodium out of the cell 
(Chen and Russell, 1990).  No published literature was found to date that specifies the 
agitation requirements that C. aminophilum has in broth culture; however, in continuous 
culture, 200 rpm was adequate and the bacteria had developed an affinity for yeast extract 
at 0.5 g·L
-1 
(J. B. Russell, personal communication).  Clostridium aminophilum has an 
average 20-fold higher specific activity for ammonia production
 
compared with other 
ammonia producers of the rumen (Farmer et al., 2004). 
 
Along with these organic N substrates and the hardiness of C. aminophilum in 
regard to the adaptable nature in which it grows, C. aminophilum is an excellent 
candidate for manipulation for the purpose of controlled BAA production.  The objective 
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of this study was to evaluate the ability of C. aminophilum to produce the maximum 
amount of BAA using minimal SPI amounts in a minimum time period. 
 
MATERIALS AND METHODS 
 
Materials, methods and culture techniques for Expt. 2a and 2b, were performed 
as previously described in Expt. 1.  For determining maximum BAA efficiency by C. 
aminophilum, increasing rates of SPI in 10 mL salts solutions were arranged in a 
completely randomized block design within the test-tube racks with 2 replications and 2 
tubes per treatment.   
  
In the Expt. 2a, SPI was weighed and placed in anaerobic test tubes in 0.1 g 
increments from 0.1g to 1.0 g·10 mL
-1
 salts solution.  In Expt. 2b, SPI was weighed and 
placed in anaerobic test tubes with anaerobic gas emitted in the test tubes with a 10 
gauge syringe needle in 0.2 g increments from 0.8 g to SPI‟s maximum solubility at 1.6 
g·10 mL
-1
 salts solution. Then, 10 mL of the reduced anaerobic salts solution were 
added with a pipette as described before in Expt. 1.  The pipette was removed while the 
needle was still purging atmospheric air from the test tube.  A butyl rubber stopper was 
inserted simultaneously as the needle was removed and an aluminum septum cap was 
mounted and crimped over the test-tube.  Once all test tubes were prepared, they were 
autoclaved for 20 min at 121°C (model STM-EL; Market Forge Co., Everett, Mass.).  
The test tubes were removed from the autoclave, placed in a Precision water bath 
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(model 51221080; Thermo Fisher Scientific, Inc., Waltham, Mass.) incubation chamber 
at 39 °C and allowed to equilibrate.  The test tubes were individually inoculated with 
0.5 mL of 18 h mid-log phase stock C. aminophilum culture using an anaerobically 
purged syringe needle as before and placed randomly within the test-tube racks and 




For measurement of BAA production, 0.5 mL aliquots of treatment cultures were 
removed with an anaerobically-purged syringe as described before in Expt. 1 at 24, 48, 
72, 96 and 120 h, respectively for Expt. 2a and 24, 48, 72, 96, 120, 144 and 168 h, 
respectively, for Expt. 2b and immediately stored at -20 °C until analysis.  Prior to 
determining BAA production, samples were removed from the freezer, allowed to thaw 
to ambient room temperature and particulates settled to the bottom of the syringe before 
the supernatant was removed for analysis.  Bioammonium/ammonia concentrations were 
determined by the colorimetric method of Chaney and Marbach (1962) as modified by 
Cotta and Russell (1982).  This method was modified again in Expt. 1 by maximizing the 
standard curve and diluting the samples by a factor of three.  This method was modified 
again in Expt. 2a and 2b, by diluting the samples by a factor of six due to outlying data 
points on the standard curve observed during spectrophotometric analysis in Expt. 1.  
Each sample for each rep was repeated three separate times to obtain an accurate reading.  





(model SPECTRA max PLUS 384; Molecular Devices, MDS Analytical 
Technologies, Inc., Sunnyvale, Calif.).  The data was statistically analyzed using 
MSTAT-C Version 1 (Mich. State Univ., East Lansing, Mich.) using analysis of variance 
(ANOVA).  The ANOVA was partitioned into individual sources of variation in the 
model to determine the relative importance of each source of variation.  The data was 
then subjected to polynomial regression using Sigma Plot (Systat Software Inc., San Jose, 
Calif.) to see how SPI rate affected BAA production over time.  Appropriate regression 
models for each rate were then selected based on incremental regression significant P - 
values that best explained the data.   
 
RESULTS AND DISCUSSION 
 
Clostridium aminophilum was cultured in Expt. 2a with ten SPI concentrations for 
120 h to determine the maximum BAA concentration produced in the shortest time 
period using the lowest SPI concentration.  Of all sources of variation in the experiment 
including uncontrolled error, SPI rate accounted for the greatest amount of variation 
(Table 2.1).  The time factor also accounted for a significant portion of the variation. The 
interaction of SPI rate and time was highly significant indicating that not all the SPI rates 
behaved similarly over time.  The coefficient of variation (CV) of 4.8 was considered very 
low indicating the data behaved in a very reliable and reproducible manner.   
 
Regression lines of SPI rate versus BAA concentration were plotted to determine  
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when BAA production plateaued (Fig. 2.1).  A plateau would indicate a reduction of  
slope and slowing of BAA production.  Soy-protein-isolate rates from 0.1 g - 0.7 g 
increased BAA content linearly at all sampling intervals.  Soy-protein-isolate rates from 
0.8 g - 1.0 g, however, exhibited a curvilinear 3
rd
 order model response with excellent R
2
 
values that explained most of the variation in the models (Fig. 2.2).  It was apparent that 
none of the regression models showed the desired plateau response, since BAA content 
apparently increased at 120 h with 0.8 g - 1.0 g SPI rates.  Considering a plateau had not 
been reached, it was necessary to repeat Expt. 2a, by increasing SPI rates and sampling 
intervals in Expt. 2b.  The 0.8 g rate was chosen as the baseline rate because this is where 
BAA concentrations first experienced curvilinear responses; SPI rates were increased at 
0.2 g intervals to maximum SPI solubility at 1.6 g·10 mL
-1
 and the sampling interval time 
was extended to 168 h. 
  
In Expt. 2b, of all sources of variation, the time factor accounted for the greatest 
amount of variation with SPI rate accounting for far less variation (Table 2.2).  Soy-
protein-isolate rate interacted with time and contributed far more to the total variation 
than in Expt. 2a.  Replication accounted for slightly more variation than in Expt. 2b, but 
was still very low indicating a high level of reproducibility.  Uncontrolled error 
accounted for a significant portion of the total variation and may be attributed to low 
viscosity of the increased SPI rates with salts solution and the lack of agitation between 
samplings.   Similar to Expt. 2a, the CV in Expt. 2b was low indicating the data behaved 
in a reliable and reproducible manner. 
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Incremental polynomial regression models for each rate were then selected based 
on the model that best explained the data (Fig. 2.3).  Soy-protein-isolate rates of 0.8 g and 
1.0 g exhibited a curvilinear 3
rd
 order model response with R
2 
values of 0.65 and 0.69, 
respectively.  The1.0 g rate plateaued, displaying nearly flat-line BAA levels past 96 h 
and slightly more BAA than 0.8 g for each sampling interval.  When SPI rate was 
increased to 1.2 g·10 mL
-1
 salts solution, a 3
rd
 order model was chosen to describe the 
model, exhibiting unstable BAA levels in the later sampling intervals with nearly 
identical BAA levels to the 1.0 g SPI rate at 96 and 144 h, respectively.  Soy-protein-




 order models, respectively, with BAA 
production decreasing past 96 h indicating variability and instability.  
 
Stability and consistent plateauing BAA production was achieved with an SPI rate 
of 1.0 g·10 mL
-1
 salts solution at the 96 h sampling interval.  The other SPI rates and 
sampling intervals were unstable and not predictable enough with greater SPI rates.  
Although the 1.2 g SPI rate was practically identical to the 1.0 g rate at the 96 h sampling 
interval, the additional cost would not warrant the use of this rate in upscaled production 
scenarios. Therefore, the SPI rate of 1.0 g·10 mL
-1
 salts solution and 96 h chosen as the 




The initial goal for conducting this research was to create a biologically-derived  
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source of ammonium nitrate for precision fertilization of specialty vegetable crops.  This 
goal became increasingly possible with the discovery of a novel group of HAP bacteria 
from the cattle rendering industry that negatively affect ruminant metabolism but can 
positively be used in generating organic N fertilizer.  Specifically, these bacteria were 
credited to cause huge wastes of N-based protein in cattle feed through the excrement of 
urea in the form of ammonia/ammonium at rates never before discovered.  It was 
hypothesized that these bacteria, once isolated, could be utilized for the beneficial 
purpose of producing ammonium as the basis of a biologically-derived ammonium nitrate 
fertilizer. 
 
It was concluded from work in Expt. 1, that C. aminophilum and SPI yielded the 
greatest BAA; however it was still unknown what rate and time yielded the most efficient 
and maximum amount of BAA.  Therefore, the experiments initiated in this chapter 
determined the most efficient and maximum amount of BAA production for the eventual 
upscaling in a final bioreaction to produce mass BAA quantities for further bioconversion 
into biologically-derived ammonium nitrate for precision vegetable fertigation.   
 
In Expt. 2a, C. aminophilum was cultured anaerobically with SPI rates from 0.1 g 
to 1.0 g·10 mL
-1
 salts solution at 0.1 g increments.  Treatments were sampled every 24 h 
for 120 h and BAA determined spectrophotometrically and the data statistically analyzed.  
It was concluded that rate, time and the interaction of rate and time were statistically 
significant at the P ≤ 0.0001 level.  When polynomial regression was performed, all 
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appropriate models were linear for all rates up to 0.7 g·10 mL
-1
 salts solution.  From 0.8 g 
to 1.0 g·10 mL
-1
 salts solution, responses were curvilinear, yet the maximum BAA had 
still not been achieved with no signs of plateauing.  Therefore, Expt. 2b was initiated and 
I increased SPI rates from 0.8 g to 1.6 g·10 mL
-1
 salts solution at 0.2 g increments and 
extended sampling times to 168 h on 24 h intervals.  Polynomial regression showed that 
increased rates and longer sampling intervals increased instability and decreased BAA 
production after 96 h.  Although approximately equivalent BAA was produced at higher 
SPI rates at 48 h, the solubility required for up-scaled production and eventual passage 
through drip irrigation lines was not possible since solutions were much too viscous.  
Taking into account solubility, bioreaction stability and reliability, it was determined that 
1.0 g·10 mL
-1
 salts solution and 96 h were the appropriate choice for use in Expt. 3, that 




Table 2.1. Sources of variation in the analysis of variance of 
Clostridium aminophilum, soy-protein-isolate (SPI), rate and time 









Rep 8.9 0.0 
 
NS 
SPI Rate  (A) 28886.4 55.0 
 
**** 
Time      (B) 21803.3 41.1 
 
**** 
AB 1852.5 3.3 
 
**** 





  _____________________________________________________ 
**** Significant at the P =.0001 level. 
NS indicates not significant at P = 0.05. 
z 











Fig. 2.1.  Polynomial regression models of the interaction of Clostridium aminophilum, soy-protein-isolate 
(SPI), rate and time with bioammonium/ammonia (BAA) production in Expt. 2a.
Time (h)







































Fig. 2.2.  Polynomial regression models of the interaction of Clostridium aminophilum, soy-protein-
isolate (SPI), rate and time with bioammonium/ammonia (BAA) production in Expt. 2a.
Time (h)





















0.7g R2 = 0.87*** 
0.8g R2 = 0.99***
0.9g R2 = 0.99***
1.0g R2 = 0.95***
 





Table 2.2. Sources of variation in the analysis of variance of 
Clostridium aminophilum, soy-protein-isolate (SPI), rate and time 








Rep 33.1 1.5  *** 
SPI Rate  (A) 192.8 8.7  **** 
Time      (B) 1269.8 57.2  **** 
AB 476.2 21.5  **** 






*** Significant at the P = 0.001 level. 
**** Significant at the P = 0.0001 level. 
 
z 





                                                                      Fig. 2.3. Polynomial regression models of the interaction of Clostridium aminophilum, soy-protein-               
                                                                      isolate (SPI), rate and time with bioammonium/ammonia (BAA) production in Expt. 2b.
                                                                     
Time (h)
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 The goal of Expt. 3 was to upscale the production of bioammonium/ammonia 
(BAA) by Clostridium aminophilum from test tube size small batches of 1.0 g soy-
protein-isolate (SPI) with 10 mL salt solution to the lab scale bioreactor level of 1.8 kg·18 
L salt solution in amounts required for precision fertigation in field trials in Expt. 5.  In 
Expt. 1, C. aminophilum cultured with SPI was identified as the most successful 
organism/substrate combination for BAA production. The Expt. 2,  BAA production was 
maximized in minimum time and minimum SPI amount when a plateau was reached 
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when C. aminophilum was cultured with SPI at 1.0 g·10 mL
-1
 for 96 h.  Therefore, this 
rate and time were utilized as the basic parameters in Expt. 3. In Expt. 3, an 18L 
bioreactor was designed and constructed similar to commercially available lab scale 
bioreactors.  Novel methods maintained sterility and anaerobic conditions throughout the 
preparation and operation of the bioreactor. C. aminophilum was cultured at rates of 1.8 
kg·18 L
-1
 salt solution, ultimately producing a BAA mean concentration of 82.9 mM 
which was 34% greater than the amount achieved in the test tubes of 61.7 mM. 
 
Keywords: bioreactor, oxidation reduction potential (ORP), hyper-ammonia-producing 




Recently, socioeconomic, environmental and political factors have enticed the 
chemical industry to consider renewable plant-based feedstocks versus petroleum 
feedstocks for developing products for the lucrative organic market (Dale, 2009).  Food 
processing using anaerobic fermentation has and has recently generated revitalized 
attention in the field of biotechnology due to characteristics of microorganisms utilized 
for bioconversion of substrates for various byproducts (Nigam and Singh, 1994; 
Vandamme, 2009).  This has led to increased interest in biologically-derived products for 
both industrial and agricultural use.  Examples of products biologically-derived from 
plant based feedstocks through anaerobic fermentations include fuels, biopesticides, and 
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fertilizers.  Development of nitrogenous based organic fertilizers have traditionally been 
focused in three areas: 1) cover crops, green manures, compost, compost teas and 
compost leachates; 2) high nitrogen (N) protein based by-products of industry including 
manures, fish emulsions and rendering products like blood, bone and feather meals, 
respectively; and 3) growth promoting microorganisms that promote nutrient uptake and 
assimilation.  In previous thesis research, concepts were adopted from these ideologies to 
develop an organic N fertilizer that can be applied through drip irrigation for precision 
vegetable fertigation.  Utilizing concepts from brewing compost teas, soy-protein-isolate 
(SPI) and a specific species of bacterium from a unique group of obligate anaerobic 
hyper-ammonia-producing (HAP) bacteria isolated from the rumen of ruminants referred 
to bacteria were utilized to produce bioammonium/ammonia (BAA).  These anaerobic 
bacteria deaminate proteins and amino acids typically containing bound N and release 
this N in unbound plant available forms, specifically BAA.  Bacteria genera are 
classified as HAP if they are able to produce NH4 at rates and amounts of more than 
100 nmol·min·mg
-1
of protein substrate (Paster et al., 1993).  In order to culture C. 
aminophilum in a bioreactor at rates of 1.8 kg·18 L
-1
 salt solution, basic principles of 
bioreactor design and operation needed to be addressed.  
  
 It is of primary importance that principles and design of the bioreactor should be 
specific to the biological demands and technological requirements of the biological 
process desired.  Bioreactor design should be based on minimizing the cost of the 
bioreactor while maximizing the desired outcome (Klass and Tramper, 1991).  In order to 
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produce enough BAA in Expt. 3 for field fertigation of vegetable crops, determination of 
bioreactor size and type were required.  Essentially there are two classes of bioreactors 
that exist for anaerobic fermentation and processes: 1) lab scale bioreactors that utilize 
smaller quantities of substrate from a few grams up to a few kg; and 2) pilot and 
industrial-scale bioreactors that utilize more than a few kg up to several metric tons of 
substrate. The lab scale bioreactor is composed of a variety of designs from simple batch 
operation to sophisticated design that can be used in a continuous fashion.  The pilot and 
industrial scale bioreactors are typically modeled after the lab scale designs and are 
operated at industrial levels and offer less diversity in design.  Both classes of bioreactors 
operate under sterile anaerobic conditions (Durand, 2003). 
  
 A lab scale bioreactor in the 20 L capacity range was not bought due to high costs 
involved; therefore, it was necessary to design and construct a lab scale bioreactor that 
was cost efficient while maximizing the desired outcome of BAA production (Klass and 
Tramper, 1991).  Lab scale bioreactors are normally constructed of borosilicate glass or 
stainless steel depending on whether they need to be autoclaved or can be sterilized in-
situ.  Temperature control, agitation and gassing of a bioreactor are all important design 
factors considered in upscaling BAA production.   Therefore, the bioreactor designed in 
this research was modeled from technologies in commercially available bioreactors and 
fermenters within the biotechnology and brewing community.  Of special importance in 
bioreactor design was that the entire system had to be anaerobic; therefore, novel and 
patentable methods were developed to achieve this result that were unavailable in the 
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literature.  Using anaerobic positive pressure gas and a series of purging valves, it was 
possible to transfer reduced anaerobic salt solution from a series of flasks into the 
anaerobic gas purged bioreactor without atmospheric oxygen contamination.    
  
 In order to obtain optimal bioreactor conditions, the substrate in the bioreactor 
needs to be sterilized to eliminate microbial contamination that can negatively impact the 
bioreaction.  In order to have a pure culture free of competition, sterilization is normally 
accomplished in-situ or through autoclaving. This procedure, however, can cause 
chemical changes in substrates including protein denaturation (Boeck et al., 1989).  In a 
study investigating protein denaturation,  water was mixed with native SPI (5-15% w:w) 
and heated to 100 °C for 30 min; total denaturation was observed yet it was concluded 
that water imbibing of SPI did reduce the denaturation process (Sorgentini et al., 1991, 
1995).  However, it is unknown how SPI is affected in a mixed salt solution under 
autoclave pressures and heated at 133 °C for 112 min.  In previous research in Expt. 1 
and 2, it was observed that inhibition of C. aminophilum growth and BAA production 
appeared to be unaffected by SPI in a mixed salt solution after being autoclaved at 121°C 
for 20 min.  It was previously speculated that the lack of agitation may have caused 
variability and instability of BAA production at the higher rates of SPI in the later stages 
of the reaction.  Therefore, the bioreactor was designed with the ability to be agitated by 
stirring at 200 rpm, based on the recommendation that agitation at 200 rpm was adequate 
when C. aminophilum was grown in continuous culture (J. B. Russell, personal 
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communication).  Other chemical parameters of this reaction beside BAA were measured 
with in-situ sensors including time, date, temperature (°C), conductivity (µs·cm
-1
), ORP 
 (mV) and turbidity in Formazin Nephelometric Units (FNU). 
 
MATERIALS AND METHODS 
 
Bioreactor Design and Construction 
 
  As the basis for the bioreactor chamber, a 56 L x 47 cm wide x 47 cm deep x 
79 cm high, F3-14 Tri-Clamp, weld-free stainless steel conical bottom beer brewer was 
obtained (Blichmann Engineering LLC., Lafayette, Ind.) (Fig. 3.1).  The domed-shaped 
stainless steel bioreactor lid was attached and sealed to the top of the 2 cm lipped flanged 
base with a screw band clamp and butyl rubber notched O-ring.  An oval sanitary access 
latch was sealed with a butyl rubber O-ring and compression handle.  A solid stainless 
steel gas purging vent was seated in the sanitary latch with a purging pressure of 896 kPa. 
The unused surface area of the lid was laser cut (Laurentide Metal Fabricators, Inc., 
Hanahan, S.C.) to accommodate the reactor control modules and gassing ports.  
 
 Temperature was controlled with a Super Cal-Cord fiberglass incased high 
temperature heating element (model QM-60-9; Quark Glass Enterprises, Vineland, N.J.).  
The heating element was secured with heat resistant aluminum tape in a spiral fashion 
around the conical bottom (Fig. 3.2), maintained at an operating temperature of 39 °C and 
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controlled by a digital temperature controller (model ETC-112000; Ranco ETC Supply, 
Delphos, Ohio).  Temperature inside the bioreactor was determined and controlled 
digitally by the controller with a temperature sensor mounted inside the bioreactor 
through a polyethylene sealed tip stainless steel tube 6.35 mm i.d. 30 cm long that 
protruded through the lid, with the sensor wires being connected to the temperature 
controller.  Excluding the lid, handles and mounted stand, the entire bioreactor was 
wrapped with a fiberglass thermal blanket for heat retention and was secured in place by 
heat resistant aluminum tape. 
 
 Agitation was controlled with a miniature brushless stirring motor controlled by a 
digital controller (model OHS-1; J-Kem Scientific Inc., Saint Louis, Mo.) which was 
attached to a modified aluminum laboratory stand and mounted to the lid of the 
bioreactor with stainless steel bolts and nylon-imbedded stainless steel nuts.  Attached to 
the stirring motor via a threaded Teflon bushing chuck,  a stainless steel turbine style 
stirring paddle (IKA
®
 Works Inc.,Wilmington, N.C.) was installed with an 8mm shaft 
(o.d., 40cm long and 7.1cm o.d.) permanently affixed with a 4 bladed paddle head.  The 
shaft was mounted on both sides through the vessel lid with dual self-aligning stainless 
steel flanged housed bearings, (model NHF2-8M-A; Spyraflo Inc., Peachtree City, Ga.) 
with sintered aluminum and 303 stainless steel retainers and Delrin
®
 acetal plastic 
spherical bearing inserts.  An air tight seal between the plastic spherical bearing insert 
and the shaft of the stirring paddle was accomplished by using an 8 mm i.d. nylon washer 
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that rested against the bearing insert and was held in place by an 8mm i.d. butyl rubber o-
ring and an 8 mm i.d. screw clamp.  
 
 A series of sanitary stainless steel plug valves (Swagelok Company, North  
Charleston, S.C.) were mounted to the lid with port connectors and bulkhead unions for 
fluid and gas transfer into the bioreactor.  For sterile gassing of the bioreactor, two 
quarter turn 6.35 mm o.d. ball valves (model SS-4P4T) were used and separated by a 0.5 
µm stainless steel particulate filter (model SS-2F-05) connected to and through the lid 
with a 6.35 mm o.d. x 50 cm long stainless steel tube extending down toward the base of 
the inner bioreactor.  A second backup modified pressure relief valve (model SS-4R-3A) 
was installed to the bioreactor lid rate at 310 kPa, as a security measure to avoid 
bioreactor implosion during the autoclaving process. 
 
 A multi-parameter water quality sonde (model Troll 9500; In-Situ Inc., Ft. 
Collins, Colo.) was mounted through the lid of the bioreactor with accustom fabricated 
(Charleston Rubber and Gasket Inc., Hanahan, S.C.) butyl rubber o-ring with dimensions 
7.6 cm o.d. x 4 cm i.d. x 2.5 cm depth.  The sonde contained individual sensors and 
continually monitored and recorded the reaction variables including temperature, 
electrical conductivity, oxidation-reduction potential and turbidity.  The sonde was 
directly linked to a computer and monitored in real-time with Win-Situ 4.0 software (In-
Situ Inc., Ft. Collins, Colo.).   The stainless steel sanitary racking arm was replaced with 
an 18 mm stainless steel sanitary sampling port and butyl-rubber septum for inoculation.  
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The sampling port was also used to take sterile samples throughout the reaction run-time.  
Figures 3.3 and 3.4 illustrate all of the bioreactor components and controls.  
 
Preparation of the Salts Solutions  
 
 Methods used in Expt. 3 for buffer, ORP indicator, reduction and salt solutions, 
SPI and anaerobic gas were identical to those utilized in Expt.1 and 2.  Briefly, a gas 
composed of 10% N (N2), 10% hydrogen (H2) and 80% carbon dioxide (CO2) was passed 
through the Hungate copper filled borosilicate glass column at 20 Pa and heated to 300 
°C to scrub out any oxygen species impurities generating 100% anaerobic gas.  Two 
basal salt solutions were composed of salt solution A containing (per L) distilled H2O: 
7.3 g potassium phosphate dibasic trihydrate (K2HPO4 *3H2O). Salt solution B 
contained (per L) distilled H20: 6.0 g potassium phosphate monobasic (KH2PO4), 12.0 g 
sodium chloride (NaCl), 2.5 g magnesium sulfate hepahydrate (MgSO4*7H2O) and 1.6 g 
calcium chloride dihydrate (CaCl2*H2O).  The ORP indicator solution contained (per 
100 mL) distilled H2O: 100 µg resazurin (7-hydroxy-3H-phenoxazin-3-one 10-oxide).  
Three 6 L Erlenmeyer flasks were filled with 5090.4 mL distilled H2O, 300 mL salt 
solution A, 300 mL salt solution B and 6 mL ORP indicator solution along with a 6 cm 
long x 1 cm wide 13 g magnetic stirring bar.  Next, a gassing, liquid pumping and 
exhausting butyl rubber stoppering system consisting of two stainless steel 6.35 mm i.d. 
tubing 30 cm long and one 9 cm long tube, all with 90 ° angles protruding through the 
stopper upon exit of the butyl rubber stopper, each with 8 mm i.d. butyl rubber hosing 
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15cm long firmly attached.  The stopper was then placed in the opening and secured with 
a custom designed and constructed aluminum clamping devise.  The two 30 cm long 
stainless steel gassing and liquid pumping tubes extended to the bottom of the flask with 
attached butyl rubber hosing atop the stopper, which were clamped closed with high 
tensile strength spring loaded clamps avoiding liquid escape during the primary 
autoclaving procedure.  The third stainless steel exhaust tube extending into the flask 
through the stopper just above the liquid salt solution with the butyl rubber connected to 
the outside portion, had aluminum foil securing the end which allowed for vapor to 
escape during autoclaving.  The three flasks containing the salt solutions were semi-clear 
iridescent blue in color and were then placed in an Amsco Century autoclave (model SG 
120; Steris Corporation, Mentor, Ohio) and autoclaved at 121 °C for a complete cycle 
time of 88 min to bring the solution temperature to the boiling point partially degassing 
the solution.  Immediately after the autoclaving cycle, the three flasks containing the salt 
solutions were removed and were now a deep cloudy blue color; the gassing tube was 
unclamped leaving the liquid pumping tube clamped and the unclamped gassing tube was 
immediately attached to the anaerobic gassing system beginning the final deoxygenation 
of the solutions for each flask.  Simultaneously, the three anaerobic gassing flasks were 
placed in crushed ice filled tubs and placed on 23 cm
2
 magnetic stirrers (model 4815; 
Cole Palmer Instrument Company, Chicago, Ill.) and the solutions stirred at 200 rpm.  
Next, a buffering solution was prepared by adding 24 g sodium carbonate (Na2CO3) to a 
500 mL side-armed Erlenmeyer flask with 303.6 mL distilled water.  The side arm of the 
flask was equipped with an 8 mm i.d. butyl rubber hose 12 cm long with a stainless steel 
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6.35 mm i.d. tubing 8 cm long and secured to the non-flask end of the butyl rubber hose.  
The flask was covered with aluminum foil and an 18 gauge 22.9 cm needle (model 9875; 
Candence Science, Inc., Lake Success, N.Y.) was then inserted through the foil until the 
syringe touched the bottom of the flask.  Anaerobic gas was bubbled through the 
solution and heated until boiling point and then rapidly cooled in an ice bath as the gas 
continued to bubble through the buffering solution.  The buffering solution was then 
individually transferred to the cooling 6 L Erlenmeyer flask salts solutions by cracking 
the stopper of the flask and allowing the stainless steel tube fitted butyl rubber hose of 
the 500 mL Erlenmeyer flask to extend down into the gassing salt solution.  This 
allowed gravity to drain the buffering solution into the salts solution, causing the now 
buffered salt solution to turn a bright clear yellow color and this procedure was 
repeated for each flask (Fig. 3.5).  The stoppers of each 6 L flask were allowed to 
remain slightly cracked and 3.6 g of the oxidation reduction reagent L-cysteine 
hydrochloride monohydrate (C3H7NO2S-HCl-H2O) was added directly to the buffered 
salt solutions of each of the flasks just below the rim ensuring that the positive pressure 
of the anaerobic gas inside the flasks prevented outside air from entering the flask.  The 
now buffered and reduced salt solutions turned a bright fluorescent pink color (Fig. 
3.6).  The stoppers were placed back into the flasks and secured and the anaerobic gas 
which continued to be bubbled through the solutions. All the while, ice in the tubs 
packed around the flasks was continually replenished as it melted until the salt solutions 
reached ambient room temperature. Approximately 45 min after gassing, the first flask 
that had the added buffer and reducing agent began to turn clear, indicating that 
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complete reduction and anaerobiosis had almost been achieved (Fig. 3.7).  After 
approximately 1 h of gassing, the salt solutions gradually turned clear indicating the 
solutions were properly buffered, completely deoxygenated and had reached an 
oxidation reduction potential of approximately -150 mV (Fig. 3.8).  The solutions were 
then ready to be transferred anaerobically to the bioreactor. 
 
 While waiting for the salt solutions to be reduced, 1.8 kg of the SPI was added 
to the bioreactor and the domed-shaped lid securely attached (Fig. 3.9). The port where 
the multi-parameter sensor sonde was to be installed just prior to inoculation was 
stoppered with a 7.6 cm o.d. galvanized metal mechanical butyl rubber test plug (model 
33422; Oatey Company, Cleveland, Ohio).  The stirring mechanism was installed and 
stirring at 200 rpm was initiated along with anaerobic gas being pumped to the bottom 
of the conical bottom reactor through the 0.5 µm air filter and the exhaust port opened 
to allow for positive pressure gas to escape.  The dry SPI was allowed to mix and degas 
for the 1 h.  Next, anaerobic transfer of the salt solutions began by isolating each of the 
6 L flasks.  The exhaust tube of the flask was clamped closed allowing positive 
pressure to build within the 6 L Erlenmeyer flask.  The clamp which had been keeping 
the butyl rubber hose of the liquid pumping tube that extended to the bottom of the flask 
was then released and attached to the liquid filling port on top of the bioreactor. The 
valve of the liquid filling port was opened and the positive pressure within the flask 
forced the salt solution into the reactor without allowing any oxygen contamination. 
Once all the salt solution in the first flask was emptied into the bioreactor, that flask 
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was completely isolated and the procedure was repeated for the second and then third 
flasks (Fig. 3.10).  Once all three flasks were completely emptied, gassing and stirring 
of the bioreactor now containing 18 L of reduced salt solution and 18 kg of SPI was 
allowed to continue for 30 min insuring the mixture was in solution.  The anaerobic gas 
was then turned off, stirring stopped and stirring motor removed from the bioreactor.  
The sealed bioreactor was then placed into an Amsco Century autoclave (model SDL-
VAC 01; Steris Corporation, Mentor, Ohio) and autoclaved at 133 °C for 112 min at 207 
kPa (Fig. 3.11). 
 
Bioreactor Operation and BAA Generation 
 
 The bioreactor was allowed to stay in the autoclave overnight and was removed 
the following morning.  Temperature within the reactor was still above 67 °C, and was 
allowed to cool to 39 °C which took approximately 4 h.  During this time, the 
bioreactor was placed in an Enviro-Aire fume hood (Mohon International, Inc., Paris, 
Tenn.) and the anaerobic gassing system, heating sensors and controls and stirring 
motor and controls were attached to the bioreactor and activated, with the gas exhausted 
from the bioreactor through the 0.5 µm air filter.  The stirrer was programmed to 200 
rpm and the heating controller programmed at 39 °C.  Once the temperature sensor 
indicated the solution in the bioreactor had reached 39 °C and stabilized and prior to 
inoculation, the exhaust port was closed to allow for positive pressure to build within 
the bioreactor.   
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 Next, the multi-parameter sonde and accompanying sensors were sterilized with 
(90:10 v:v) ethanol and sterile distilled H2O solution and then calibrated, re-sterilized 
and inserted and secured through the lid of the bioreactor, simultaneously as the  
galvanized metal mechanical butyl rubber test plug was removed.  The positive pressure 
of the bioreactor expelled anaerobic gas as the sonde was being inserted, not allowing 
oxygenated air or other contaminants to enter the reactor.  The multi-parameter sonde 
was attached to a laptop computer and with the following parameters were recorded 
every 10 s with Win-Situ
®
 5 software (In-Situ Inc., Ft. Collins, Colo.): time, date, 
temperature (°C), conductivity (µs·cm
-1
), ORP (mV) and turbidity in Formazin 
Nephelometric Units (FNU).  Due to the corrosive nature of the reaction and continuous 
fouling of the NH4 as determined in preliminary test runs, 0.5 mL samples were acquired 
through a septum sampling port at 0, 12, 24, 36, 48, 60, 72, 84 and 96 h, respectively, 
with a anaerobically purged 21 gauge syringe 38.1 mm needle (model 305274; Becton, 
Dickinson and Co., Franklin Lakes, N.J.) and immediately stored at -20 °C until 
spectrophotometric analysis.    
 
 To initiate the bioreaction, C. aminophilum was transferred to fresh basal broth 
solutions containing 10 mL salt solution, 1 mL casamino acids and 1 mL yeast extract for 
3 consecutive d prior to establish an active culture.  On the third d prior to bioreactor 
inoculation, a sterile 125 mL anaerobic jar (model 2048-18151; Bellco Glass, Vineland, 
N.J.) containing 91 mL salt solution, 9.5 casamino acids and 9.5 yeast extract was 
inoculated with 4.6 mL of 18 h mid-log phase C. aminophilum.  This culture was 
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allowed to grow to reach 18 h mid-log phase and then 110 mL of this active culture of C. 
aminophilum were injected into the bioreactor through the septum portal (Fig. 3.12).  At 
this point, all parameters displayed on the computer were flat-lined and stable.  The first  
baseline sample for time “0” for future BAA analysis was taken through the septum 




 The analytical methods used for BAA analysis in Expt. 3 were identical to those 
used in Expt. 1 and 2.  Prior to determining BAA production, samples were removed 
from the freezer and allowed to thaw to ambient room temperature and particulates 
settled to the bottom of the syringe before the supernatant was removed for analysis.  
Bioammonium/ammonia concentrations were determined by the colorimetric method of 
Chaney and Marbach (1962) as modified by Cotta and Russell (1982).  This method was 
modified in Expt. 1 by maximizing the standard curve and diluting the samples by a 
factor of three.  This method was modified again in Expt. 2a and 2b by diluting the 
samples by a factor of six due to outlying data points on the standard curve observed 
during spectrophotometric analysis in Expt. 1.  Each sample for each rep was repeated 
three separate times to obtain an accurate reading.  BAA concentrations were measured 
with Molecular Devices SPECTRA max PLUS 384 spectrophotometer microplate reader 
at 630 nm
-1
 as in Expt. 1 (Molecular Devices, MDS Analytical Technologies, Inc., 
Sunnyvale, Calif.).  The data was statistically analyzed using MSTAT-C Version 1 
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(Mich. State Univ., East Lansing, Mich.) using analysis of variance (ANOVA).  The 
ANOVA was partitioned into individual sources of variation in the model to determine 
the relative importance of each source of variation.  The data was then subjected to 
polynomial regression using Sigma Plot (Systat Software Inc., San Jose, Calif.) to see 
how SPI rate affected BAA production over time. Appropriate models for each rate were 
then selected based on incremental regression using significant P - values that best 
explained the data.  
 
Conductivity, ORP and Turbidity Determination 
 
 Conductivity, ORP and Turbidity data were measured automatically every 10 s 
for a total of 360 measurements per h within the bioreactor.  A mean value per h was 
generated for each parameter and then subjected to statistical analysis.  Data for BAA 
was statistically analyzed using SAS statistical software Version 9.2 (SAS Institute, Inc. 
Cary, N.C.) for analysis of variance (ANOVA) general linear model (GLM) and MSTAT 
statistical software Version C (Mich. St. Univ., E. Lansing, Mich.) for Fisher‟s least 
significant difference (LSD) for mean separation.  Conductivity, ORP, turbidity and BAA 
data were then subjected to polynomial regression using Sigma Plot (Systat Software 
Inc., San Jose, Calif).  Appropriate models for each parameter were then selected based 





RESULTS AND DISCUSSION 
 
  BAA Analysis 
 
 Bioammonium/ammonia concentration data from culturing C. aminophilum with 
SPI at 1.8 kg·18L
-1
 salt solution and sampled every 12 h for a total of 96 h were subjected 
to ANOVA to identify error and sources of variation (Table 3.1).  Unlike agricultural 
field studies where uncontrolled error is usually a major contributor of variation of the 
model, error was very small contributing only 0.2% of the variation. Time contributed a 
majority of the variance of 97.5% and was significant at P < 0.0001.  The coefficient of 
variation (CV) was 3.83 and considered extremely low indicating the data behaved in a 
highly reliable and reproducible manner.  Mean separation was performed to clarify how 
BAA production differed with each run over time (Table 3.2).  For each run and time 
interval, there were minor differences in BAA with each run; however, regression 
analysis was required to truly visualize how each run reacted over time.  The data for 
each run was then subjected to polynomial regression to see how time affected BAA 
production with each run. Appropriate models for each run were then selected based on 
incremental regression significant P - values that best explained the data (Fig. 3.13).  For 
each run, second order regression models were chosen with excellent R
2
 values that 
explained most of the variation.  Although a true plateau was not completely observed for 
any of the runs, the trend lines were beginning to flatten out and results concluded from 
Expt. 2b in previous research indicated the reaction had reached the maximum BAA 
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content.  It was decided at this point to combine the data and perform regression analysis 
again to see how time affected BAA production as a whole; a second order model was 
selected with an excellent R
2
 value that explained most of the variation in the model (Fig. 
3.14).  It was clear that the slope of the line decreased between 84 to 96 h; allowing the 
reaction to continue beyond 96 h would not have yielded any additional benefit with 
regard to BAA production.  It was also clear that the longer autoclaving times and higher 
temperatures did not negatively impact the ability of C. aminophilum to deaminate the 
proteins of SPI.  The addition of agitation at 200 rpm may have contributed to the 





 Formazin nephelometric units are a measurement of turbidity using a light-
emitting-diode (LED), by measuring the scattering of light at 860±60 nm
-1
 at 90±2.5° to 
the incident light beam.  The data for all three runs were combined, means generated and 
subjected to regression analysis (Fig. 3.15).  A second order model was chosen with 
excellent R
2
 value that explained most of the variation in the model.  It must be noted, 
however, that the turbidity sensor used in Expt. 3 was only typically accurate and 
guaranteed to 2,000 FNU.  After 67 h the sensor fouled and a steady turbidity of 3013.1 
FNU was observed for the remainder of each run.  Turbidity increased from 514.1 FNU 
to the maximum fouling point of 3013.1 FNU, an increase of 486%.  It must also be 
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noted, despite the fouling of the turbidity sensor at 67 h, samples that were taken for 
BAA analysis continued to visually get darker up to the 96 h sample.  Although the 
turbidity sensor fouled at 67 h, the pattern of turbidity was consistent with typical 
exponential bacterial growth prior to the stationary phase or the plateaued phase that was 
observed in Expt. 2b at 96 h with BAA production.  
  
ORP Analysis  
 
 Oxidation reduction potential (ORP) measured in mV, was continuously  
monitored and recorded.  The data for all three runs were combined, means generated and 
subjected to regression (Fig. 3.16).  Oxidation reduction potential linearly decreased 
148% with time from - 90.4 mV to a mean minimum ORP of - 224.4 mV.  Considering 
these bacteria require low initial ORP conditions, as the reaction continued and ORP 
decreased, it created a sustainable environment for further growth.  It was unknown if  
growth in this reaction was impeded by a lack of available protein or a negative feedback 
was created by a build-up of ammonia which may have been toxic to C. aminophilum at 
increased levels not encountered naturally.  The decrease in ORP, however, would be 
beneficial in an upscaled continuous fed batch production scenario where sustainable low 








 Conductivity data for all three runs were combined, means generated and 
subjected to regression (Fig. 3.17).  Conductivity linearly increased 89% with time from 
14,886 µs·cm
-1
 at the time of inoculation to a maximum mean conductivity of 28,116 
µs·cm
-1 




 In conclusion, BAA production at SPI rates of 1.8 kg·18 L of salt solution  
yielded a maximum amount of 82.9 mM which was 34% greater than the amount 
achieved in the test tubes of 61.7 mM in Expt. 2.  Consistent with Expt. 2b,  BAA 
concentration plateaued at 96 h, indicating no further need to continue the reaction past 
96 h.  Based on conductivity, ORP, turbidity and BAA data, it was concluded that this 
reaction was highly reproducible and was able to produce enough BAA to be utilized for 
further bioconversion in Expt. 4 to bioammonium nitrate in a highly aerobic bio-film 
reactor.  In addition, since this reaction is predictable, it could potentially be upscaled to 
pilot scale and industrial scale bioreactors producing thousands of L of BAA on an 
industrial commercial scale. The benefits of this BAA production not only benefit 
conventional, organic and transitioning growers but in industries outside of agriculture in 
the industrial sector.  As a sideline discovery, an interesting and unexpected by-product 
of this reaction was the generation of biochar that was ≈ 50% carbon (Fig. 3.18).  Biochar 
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is typically produced through pyrolysis of a variety of feedstocks at high temperatures 
under anaerobic conditions (Chan and Xu, 2009).  Biochar has recently gained great 
interest for its wide range of agricultural and environmental uses (Lal, 2009).  Most 
biochars have pyrogenic carbon content of ≈ 50% but can be as high as 83% (Novak et 
al., 2009).  Biochar has agricultural applications as a soil amendment that can increase 
organic matter; sequester carbon from CO2 and energy generation due to its coal-like 
































Fig. 3.1.  A Blichmann Engineering Tri-Clamp weld-free stainless steel conical bottom 
beer brewer (56 L x 47 cm wide x 47 cm deep x 79 cm high), served as the vessel for the 
bioreactor.
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Fig. 3.2.  The heating element that supplied conductive heat to the bioreactor was secured 




Fig. 3.3.  Illustration of components attached to the dome-shaped lid that controlled the bioreactor physical parameters  
including the pressure relief valve, brushless stirring motor, purging valve, multi-parameter sensor, temperature sensor  
and the dual valve 0.5 µm air filter. 
Multi-parameter
sensor














Fig. 3.4.  Illustration of the bioreactor, oxygen removal column, temperature controller, stirring controller,  















Fig. 3.5.  The first two flasks from the left had the buffering solution and reducing agent added and turned a bright pink 
color.  The buffering solution had just been added to the third flask (far right) and turned from deep cloudy blue to a bright 





Fig. 3.6.  The third flask to the far right with reducing agent added, turned from a bright clear yellow color to a  







Fig. 3.7.  Reduction and anaerobiosis were almost complete as indicated with the reduction and clearing of the resazurin 
indicator dye as depicted here with the first flask approximately 45 min after the gassing began and the addition of buffering 





Fig. 3.8.  Complete anaerobiosis and reduction to approximately -150 mV occurred at approximately 1 h after  
gassing began and with addition of the buffering solution and reducing agent.  The exhaust tube was closed, yet gassing 
continued until enough back pressure prevented any further anaerobic gas to bubble through the solution. Note the absence  






Fig. 3.9.  Waiting for the salt solutions to be completely reduced and anaerobic, 1.8 kg 
SPI were measured and emptied into the bioreactor.  Next the lid was attached along with 
the stirring mechanism and gassing line.  The bioreactor was anaerobically gassed and 
stirred at 200 rpm for approximately 45 min prior to receiving the anaerobic and reduced 








Fig. 3.10.  Using the positive pressure within the flasks, the liquid pumping tube was 
hooked to the liquid filling port on the bioreactor and the reduced anaerobic salt solution 
was pumped into the reactor as the reactor stirrer turned at 200 rpm and the anaerobic gas 
flowed through the solution.  Note the first flask was empty and the second flask was in 




Fig. 3.11.  The bioreactor filled with 1.8 kg SPI and 18L of anaerobic reduced salts solution was autoclaved for 112 min  
at 133 °C, removed the following morning, and placed in the fume hood.  All the controls were then attached and the 




Fig. 3.12.  Two 55 mL injections of 18 h mid-log phase cultures of Clostridium aminophilum were required  
to initiate each bioreaction for the conversion of SPI to BAA.  Note the extra heat resistant tape surrounding  




Table 3.1.  Source of variation in the analysis of variance 
comparing run and time on bioammonium/ammonia (BAA) (mM) 
production of Clostridium aminophilum cultured with soy-protein-










Rep 0.03 0%    0.9177 
Run 768.65 1.5%    <.0001 
Time 47926.21 97.5%    <.0001 
Run*time 381.59 0.8%    <.0001 
Error 80.08 0.2% 
 _____________________________________________________ 
CV 3.83 
  _____________________________________________________ 
z





























Table 3.2.  Influence of bioreaction run and time on the 
production of bioammonium ammonia (BAA) (mM) from 
the reaction of Clostridium aminophilum cultured with soy-













  7.9  l  
1 24 
 
18.5  j 
1 36 
 
35.5  h 
1 48 
 
56.0  f 
1 60 
 
68.6  e 
1 72 
 
75.6  cd 
1 84 
 
80.1  b 
1 96 
 




  0.4  m 
2 12 
 
  2.4  m 
2 24 
 
10.8  kl 
2 36 
 
25.2  i 
2 48 
 
42.7  g 
2 60 
 
58.8  f 
2 72 
 
68.7  e 
2 84 
 
77.2  b-d 
2 96 
 




  0.6  m 
3 12 
 
11.9  k 
3 24 
 
27.0  i 
3 36 
 
43.3  g 
3 48 
 
56.0  f 
3 60 
 
68.2  e 
3 72 
 
74.6  d 
3 84 
 
78.6  bc 
3 96 
 
83.8  a 
________________________________________________ 
z
 Mean separation within column by LSD at P = 0.05. 
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Fig. 3.13.  Polynomial regression models of the interaction of Clostridium aminophilum,  
soy-protein isolate  and time on bioammonium/ammonia (BAA) production in  
Expt. 3 in 3 separate runs.   
 
y = -0.0028x2 + 1.2041x 
R² = 0.9737 
y = 0.0012x2 + 0.7907x 
R² = 0.9627 
y = -0.0054x2 + 1.4048x 












































Fig. 3.14.  Pooled polynomial regression models of the interaction of Clostridium aminophilum,  
soy-protein isolate and time on bioammonium/ammonia (BAA) production in Expt. 3.   
 
  
y = -0.0024x2 + 1.1332x 



























Fig. 3.15.  Polynomial regression model of the interaction of Clostridium aminophilum,  
soy-protein-isolate and time on turbidity (FNU) in Expt. 3.   
 
 z
 FNU = Formazin nephelometric unit (scattered light measured at 860±60 nm
-1
 at an angle of 90±2.5°). 
y = 0.9646x2 - 27.664x + 694.87 

























 Fig. 3.16.  Polynomial regression models of the interaction of Clostridium aminophilum,  




 ORP = Oxidation reduction potential (mV). 
 
y = -1.1025x - 114.67 
























 Fig. 3.17. Polynomial regression model of the interaction of Clostridium aminophilum,  
 soy-protein-isolate and time on conductivity (µs·cm
-1
) in Expt. 3.   
 
 
y = 151.56x + 14500 




































Fig. 3.18.  Conversion of soy-protein-isolate to bioammonium/ammonia at 1.8 kg·18 L salt solution by Clostridium  
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 The objective of Expt. 4 blended technologies from municipal wastewater 
treatment and aquaculture water filtration to convert bioammonium/ammonia (BAA) 
from Expt.3 into nitrate under controlled highly aerobic conditions.  Nitrification is the 
process in the nitrogen (N) cycle that oxidizes ammonia to nitrite and subsequently to 
nitrate and is mediated by two distinct groups of chemolithoautotrophic bacteria 
including ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB).  In 
aqueous environments, these two groups of bacteria form symbiotic communities called 
biofilms that use the metabolic byproducts from one another for cellular respiration.  
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Among the AOB utilized in this study were Nitrosomonas europaea, Nitrosopira briensis 
and a proprietary Nitrosomonas sp.  Proprietary NOB utilized in this study were  
Nitrospira moscoviensis and Nitrobacter sp.  Utilizing trickle-down and bubble-up 
submerged bead biofilm technologies adopted from wastewater and aquaculture 
industries, a biofilm bioreactor (BB) was designed and constructed.  After an effective 
biofilm establishment period, BAA from Expt. 3was partially converted to nitrate after 18 
days.  In order to increase the total N, additional SPI and BAA were added to yield 
approximately 15,000 ppm (1.5%) organic N, 8,000 ppm (0.8%) ammonium N and 5,000 
ppm (0.5%) nitrate N for a 28,000 ppm (2.8%) total N solution.  This organically derived 
N solution was then further amended with soluble organic forms of phosphorus, 
potassium, macro and micronutrients for a balanced liquid fertilizer solution to compare 
against a synthetic N solution amended with the same soluble organic forms of 
phosphorus, potassium, macro micronutrients for precision fertigation in vegetable field 
trials.   
 
Keywords: biofilter, biofilm bioreactor, BB, BAA, chemolithoautotrophic bacteria, 
ammonia-oxidizing bacteria, AOB, nitrite-oxidizing bacteria, NOB, Nitrosomonas 











 Under submerged aqueous and aquatic environments, bacteria secrete 
polysaccharides, extending from the cell surface forming a matrix of sticky fibers called 
glycocalyx which adheres to surfaces (Costerton et al., 1978).  As these bacterial cells 
reproduce and continue to attach to the surface, other bacteria also colonize the surface 
forming symbiotic viscoelastic communities of microorganisms.  This increasing biomass 
and associated material is referred to as a biofilm (O‟Toole et al., 2000).  The interface 
between a surface and aqueous medium provides an ideal environment for the attachment 
and growth of microorganisms (Donlan, 2002).  As the surface area of the stratum 
increases, microbial colonization and biofilm mass increases.  Physical and chemical 
properties of the stratum in an aqueous environment influence the rate and amount of 
biofilm attachment (Characklis et al., 1990).   Freshwater bacteria attach more rapidly to 
hydrophobic nonpolar surfaces like plastics Teflon
®
 polyethylene terephthalate (PTFE), 
polyethylene and polystyrene compared to hydrophilic polar surfaces such as certain 
metals and glass (Fletcher and Loeb, 1979).  However, the hydrophobic nonpolar surface 
characteristic of stainless steel in an aqueous environment enhances biofilm adhesion and 
resistance to detachment (Fleming et al., 2001).  Biofilm formation is frequently 
associated as harmful and detrimental in industrial processes and the food industry; 
however, in many instances it can be beneficial for example in wastewater treatment for 
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the degradation of soluble organic or nitrogenous wastes (Brading et al., 1995).  Biofilms 
are beneficial in fixed-film waste-water treatment processes through the use of trickling 
biofilters and serve a vital role in limnologic purification processes in streams and rivers 
(Characklis et al., 1982).  Biofilms are also used extensively in recirculating aquaculture 
filtration in a multitude of designs and the key for high total ammonia N (TAN) 
conversion is adequate substrate for biofilm attachment and formation (Zhu and Chen, 
1999).  Effective biofilters require a large surface area, substrate support and biofilm 
management. The rate and capacity of the conversion of TAN to nitrate is dependent 





 of TAN (Golz, 1995).  For instance, in a study evaluating the 
conversion of TAN to nitrate in an up-flow pulsed bed bead filter, packed tower trickling 
filter and a rotating biological contactor (RBC), Hall et al., (1999) found that higher TAN 
conversion rates were achieved with trickling and RBC biofilters due to greater surface 
areas and retention times.  
 
 Other than a large surface area of an appropriate hydrophobic material for  
adequate biofilm establishment, temperature, oxygen and pH are important 
physiochemical parameters to control for optimal nitrification.  The pH of the reaction 
within the biofilm varies by species, but the optimal pH range has been found to be 
between 7.2 and 8.2 with a median pH of 7.7 adequate for successful nitrification 
(Villaverde et al., 1997).  Temperature is also important and is species dependent for 
optimal nitrification with nitrifying bacteria having been found growing at temperatures 
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as low as -5 °C in Alaskan marine waters (Jones and Morita, 1985) and as high as 50 °C 
in Egyptian soils (Monib et al., 1979).  Yet, optimum temperature for nitrifying bacteria 
in both aquatic and terrestrial biofilm environments is 30°C (Groneweg et al., 1994; 
Bhaskar and Charyulu, 2005).  Oxygen saturation is also important for optimal ammonia 
and nitrite oxidation.   The stoichiometric oxygen requirement for ammonia oxidation to 




for oxidation of nitrite to nitrate; therefore, it 
requires 4.57 kg of oxygen to oxidize 1 kg of ammonia to nitrate (Adams and 
Eckenfelder, 1977).  Thus, successful conversion of ammonia to nitrate within a 
nitrifying biofilm requires a means by which to keep the solution passing over the biofilm 




 Biological ammonia oxidation is the first step in the removal of N during the 
treatment of waste primarily in wastewater treatment facilities and aquaculture. Due to a 
dramatic increase in nitrogenous wastes from the expansion of animal husbandry, N-
producing industries, and human activities, the handling of nitrogenous waste has become 
a critical factor in environmental management. Ammonia is the predominant inorganic N 
source of influent material, and N loss, leaching and volatilization is typically due to the 
process of nitrification, followed by denitrification.  The removal of N waste during 
treatment is of extreme environmental importance, as release of untreated waste can 
result is devastating eutrophication of watersheds.  Even in cases where treatment does 
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not lead to successful denitrification, nitrification helps avoid environmental 
contamination with potentially toxic ammonia salts (Painter, 1986).  Waste treatment is 
by far the most important biotechnological application of ammonia-oxidizing bacteria.  
The treatment of such wastes typically takes place in specialized reactors referred to as 
biofilters, bioreactors and biodigestors of various design and purpose, whose reliability 
and cost-effectiveness are of prime concern to industry and public health.  
Chemolithotrophic nitrification is a two-step process carried out by two separate groups 
of bacteria. The first class of proteobacteria oxidizes ammonia into nitrite and the second 
group in this class oxidizes nitrite into nitrate (Kowalchuk and Stephen, 2001).  
Nitrosomonas europaea and Nitrosospira briensis are well known as the species 
responsible for ammonia oxidation in fresh water aquaria, aquaculture and wastewater 
treatment facilities.  It is pointed out that Nitrosomonas europaea is most functional at 
higher ammonia concentrations and therefore should be the species of choice when 
inoculating a system for treatment of high ammonia influent because this species is found 




 Nitrospira moscoviensis and Nitrobacter winogradskyi, are chemolithoautotrophic 
species and thought to be responsible for oxidizing a majority of the nitrite in aquatic and 
wastewater environments (Hovanec and Delong, 1996).  Ammonia produced as a metabolic 
byproduct in aquaculture and animal husbandry is toxic.  In freshwater aquaria and large 
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commercial scale aquaculture systems, oxidation of ammonia to nitrite still poses a threat 
since nitrite is toxic to fish.  Therefore, effective methods have been employed in industry 
to oxidize nitrite into nitrate, which is much less toxic to fish.  These methods come in 
many forms of filtration in which a fixed stratum is inoculated with commercially-available 
inoculants and the re-circulated water from the aquatic system is allowed to flow over the 
strata where the bacteria form a thin film.  As water flows across the film, the symbiotic 
relationship of Nitrosomonas sp., Nitrosospira sp. and Nitrospira sp., and Nitrobacter sp. 
convert ammonia and nitrite to nitrate.  Of the three main types of biofilters including 
trickling, bead and rotating biological contactor filters, all have been shown to be effective 
to treat wastewater in high ammonia loading aquaculture systems (Hall, 1999), with 
trickling and bead filters noted as being more efficient for ammonia and total suspended 
solids removal.  The most efficient type of bead in which the bacterial biofilm adhere to are 
small, less than an inch in diameter, Teflon
®
 PTFE and have many finger-like projections, 
which vastly increases the total surface area.  Therefore, an extremely large surface area of 
biofilm can be contained within a container with a relatively small volume for the efficient 
oxidation of ammonia to nitrate.  This technology incorporated into an anaerobic/aerobic 
chained reaction could prove to be a useful means by which an organically derived 
ammonium nitrate fertilizer could be developed.  The objective of this experiment was to 
blend technologies from municipal wastewater treatment and aquaculture water filtration 
industries in a custom designed and constructed biofilm bioreactor (BB) to convert 
bioammonium/ammonia (BAA) from Expt.3 into nitrate under controlled highly aerobic 
conditions.   
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MATERIALS AND METHODS 
 
Biofilm Bioreactor Design and Construction 
 
 The custom designed and constructed BB utilized in Expt. 4, was a hybrid 
recirculating trickle-down bubble-up model that combined numerous municipal 
wastewater treatment and aquaculture water filtration technologies.  All welding and 
cutting of the stainless steel (SS) was performed by Williamson Welding Inc., Johns 
Island, S.C.  The cylindrical SS housing was 3 mm thick with a 30 cm o.d. and a height 
of 1.5 m, equipped with multiple interior control components (Fig. 4.1).  The 35 cm 
diameter SS flanged base of the BB was 6 mm thick and was firmly attached with 12 15 
mm x 25 mm SS bolts.  The flanged base was sealed with a custom designed 6 mm thick 
neoprene gasket (Charleston Rubber and Gasket, Inc., North Charleston, S.C.).  A 3 mm 
thick SS retention screen with 12 mm diamond shaped mesh was weld mounted on the 
inner side, 15 cm from the top perpendicular to the height, which retained the biofilm 
media during operation (Fig. 4.2).  The entire void space of the BB was filled with 0.11 
m
3
 of semi-buoyant Teflon
®
 PTFE biofilm media 25 mm o.d., Coralife
®
 Bio-Balls 
(model AF792; Energy Savers Unlimited, Inc., Carson, Calif.) (Fig. 4.3).  The fixed film 
media along with the inner surface area of the BB provided approximately 47 m
2
 of 
surface area for microbial biofilm attachment.  A 5.5 cm o.d. hole was cut on one side of 
the screen and a 5 cm i.d. polyvinyl chloride (PVC) tube was permanently mounted that 
extended down 7 cm from the bottom that acted as a portal for insertion of the multi-
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parameter water quality sonde, (model Troll 9500; In-Situ Inc., Ft. Collins, Colo.) that 
would continually monitor the chemical parameters of the reaction.  An additional 2.5 cm 
o.d. hole was cut adjacent to the larger 5.5 cm o.d. hole of the screen where a 2.2 cm i.d. 
PVC tube was inserted and extended down and was connected to a submerged 
Pondmaster water pump (model Mag-9; Danner Mfg., Inc., Islandia, N.Y.) (Fig. 4.4).   
The pump was key in drawing the solution at 3400 L·h
-1
 from the bottom of the BB and 
delivering the solution over the top of the screen via a round shower head (model 
1660.610.002; American Standard Brands, Inc., Piscataway, N.J.) (Fig. 4.5).  Five layers 
of woven polyester fiber filter pad material 9.5 cm thick (Lifeguard Aquatic, Inc., 
Cerritos, Calif.) was placed between the shower head and the screen to reduce splashing, 
foaming, evaporation and for equal solution distribution over the biofilm (Fig. 4.6).  A 5 
mm i.d. clear polyethylene tube (CPT) extended down through the biofilm media and was 




 Limewood Airstone  (model AF1220; Energy 





 by a Pondmaster air compressor (model AP-40; Danner Mfg., Inc., Islandia, 
N.Y.) (Fig. 4.7).  Considering the volume of air flowing up through the solution and prior 
to the air being pumped directly to the air-diffuser, it had to flow through a carbon 
dioxide CO2 filtration system to remove excess CO2 which prevented reduction of the pH 
from carbonic acid formation. The  CO2  filtration system was comprised of an 4 L 
Erlenmeyer flask filled with calcium hydroxide Ca(OH)2  DiveSorb
®
 Pro (Draeger 
Safety, Inc.,, Pittsburgh, Pa.).  The top of the flask had a clamped aluminum butyl rubber 
capping system similar to that used in Expt. 1, 2 and 3.  Through the butyl rubber cab 
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were two SS 2 mm i.d. tubes, one of which extended through the Ca(OH)2,  2 mm from 
the bottom and the other tube extended just to the surface of the Ca(OH)2.  Air was 
pumped down to the bottom of the flask and allowed to diffuse up through the Ca(OH)2 
and out through the shorter SS tube and then finally out to the air-diffuser at the bottom 
of the BB.  This system was only partially efficient, therefore pH of the reaction was 
further maintained at approximately 7.7 by an automated pH sensor and dosing system 
(models BL-981411 and HI-931700U, respectively; Hanna Instruments, Inc., 
Woonsocket, RI) (Fig. 4.8). The dosing pump utilized Aggrand liquid lime CaCO3 
(Amsoil Inc., Superior, Wis.) to automatically regulate the pH in the previous dosing 
system.  Temperature of the solution within the BB was maintained at 30 
o
C in two ways.  
First, the reactor was wrapped with a 56 cm wide x 152 cm long heating mat (model PM-
9A; Pro Grow Supply, Corp., Brookfield, Wis.) which brought the temperature up to 30 
o
C (Fig 4.9).  The reactor was then insulated first with aluminum bubble wrap and later 
with reflective fiberglass insulation (Fig. 4.10).  This temperature was monitored, 
maintained and controlled by a digital temperature controller (model ETC-112000; Ranco 
ETC Supply, Delphos, Ohio) (Fig. 4.11).  Considering the oxidation of ammonia and 
nitrite is an exothermic reaction releasing heat (Kalingan et al., 2004;  Daverio et al., 
2003), the temperature was held to 30
 o
C by pumping the solution through a 0.1 hp 1,270 
Btu, Artica Chiller (model DBA-075; JBJ Chillers, Inc., St. Charles, Mo.), capable of 
cooling liquids at 900-3600 L·h
-1
 (Fig. 4.12).  To counter the effects of the foaming, a 
Kent Aqua Dose 1400 mL dispenser, (model KM0154; Marine Depot, Inc., Garden 
Grove, Calif.), delivered 0.5 mL·h
-1
, USDA certified organic olive oil (Earth Fare, Inc., 
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Fletcher, N.C.).  An exterior vent system was installed adjacent to the top of the reactor to 
exhaust the foul odors from butyrate and acetate present in the first 24 hr of the reaction. 
The entire BB and all exterior control components are illustrated in Fig 4.13, in a 
preliminary run. 
 
Biofilm Establishment, Acclimation and Experiment Initiation 
 
 Prior to the start of this experiment, a biofilm needed to be established and 
acclimated to high concentrations of BAA for a period of 1 year.  According to 
Villaverde et al., (2000)  biofilms grown in highly ammonia loaded nitrifying biofilters 
developed the capability to overcome inhibition caused by free ammonia and became 
acclimated to higher concentrations of free ammonia after approximately 6 months,  
subsequently, nitrite oxidizing bacteria showed increased activities and acclimation to 
increased nitrite concentrations.  This establishment and acclimation were achieved by 
adding 38 L DO H2O and 473 mL of the commercial aquaculture inoculant Biospira
®
, 
(Marineland Labs, Moorpark, Calif.) containing equal bacterial densities of Nitrosomonas 
europaea, Nitrosopira briensis and Nitrospira moscoviensis, and 473 mL of the 
commercial wastewater inoculant Fritz-Zyme TurboStart 700 (Bio-Con Labs, Inc., 
Gainesville, Fla.) containing equal bacterial densities of proprietary Nitrosomonas sp. 
(16968-3) and Nitrobacter sp. (16969-4) capable of  NH3 oxidation of 1000 mg·L·h.  
Biofilm establishment was achieved initially with weekly additions of 100 mL of a 50 
ppm ammonia hydroxide (NH4OH) (Ammonia Standard, Aqua Solutions, Jasper, Ga.).  
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Every week thereafter for the first 9 months, the volume and concentration of the 
(NH4OH) was increased in a step-wise fashion until the BB was receiving 8,000 ppm 
(0.8%) in 36 L of solution.  Preliminary sampling and analysis during biofilm 
establishment indicated virtual BAA elimination yielding an approximate maximum 
nitrate concentration and plateauing of 5,000 ppm by the 18
th
 d after stocking with a fresh 
batch of NH4OH. Continual loss of nitrate was observed after 18 d; therefore, this time 
frame was utilized as a basis for this experimental exercise.  After successful BB biofilm 
establishment and acclimation was achieved, 36 L of BAA from Expt. 3 was transferred 
to the BB and allowed to run for 18 d, and grab samples taken every 12 h for BAA and 
nitrate analysis.  This experiment was replicated 9 times with the first three having grab 
samples taken and the first nine having complete mineral analysis after being amended 
with soy-protein-isolate (SPI) and additional BAA from Expt. 4.  
 
Mineral Analysis and Procedure 
 
 Mineral analysis was performed by Clemson University Agricultural Service 
Laboratory (CUASL), Clemson, S.C. according to Standard Methods for the Examination 
of Water and Wastewater, (1985).  There were three separate procedures utilizing two 
devices for total mineral analysis.  For phosphorus (P), potassium (K), calcium (Ca), 
magnesium (Mg), zinc (Zn), manganese (Mn), copper (Cu), iron (Fe), sulfur (S) 
determination, inductively coupled plasma spectrometry (ICP) using a (Arcos 165 ICP-
OES model; Spectro Analytical Instruments, GmbH, Kleve, Germany) utilizing the wet-
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ashing procedure with nitric acid (HNO3) + 30% hydrogen peroxide (H2O2) was used 
along with the metal filtrate procedure for analysis of sodium (Na).   Nitrogen was 
determined utilizing the Kjeldahl digestion procedure for determining total N using a 
Hach Digesdahl
®
 Digestion Apparatus (Hach Company, Loveland, Colo.). 
 
Ammonium Nitrogen  
 
 Weigh about 2 grams of a representative sample into a tared Erlenmeyer flask. 
1. Record weight on flask to 2 decimal places. Add 20 mL 2 M KCl. Shake 
for 30 min. Filter sample into digestion tube. Transfer weight to tube. 
Enter weight into distillation unit. Distill sample. Titrate with H2SO4 
solution using the boric acid indicator. 
2. To make 2 M KCl, weigh 298.24 g KCl into a 2 L volumetric flask. Dilute 
to volume with deionized H20. 
3. Report to 3 decimal places for liquids. Report 2 decimal places for solids. 
 
 
Total Nitrogen  
 
 Mix sample in container and place representative sample in tared Kjeldahl 
digestion tube. Weigh 5 g of sample. Use 5.0 the calculation on the control unit. Follow 








 Boric acid preservation solution - Dissolve 6.2 g boric acid in 100 mL hot 
distilled water. 
 Stock nitrate solution - To make 1000 ppm N stock solution; dissolve 
0.7218 g KNO3 (dry) in deionized water. Add 1 mL preservation solution 
then dilute to 100 mL. 
 Standard nitrate solutions - Dilute 0.1, 1, and 10 mL, respectively, of the 
stock nitrate solution to 100 mL with deionized water to obtain standard 
solutions of 1, 10, and 100 ppm, respectively. 
 Buffer solution - Dissolve 6.66 g Al2(SO4)3.18H2O, 3.12 g Ag2SO4, 1.24 
g H3BO3, and 1.94 g sulfamic acid (H2NSO3H), in about 400 mL water. 





 Orion ion analyzer 
 Nitrate ion electrode 
 Reference electrode 
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 Magnetic stirrer 
 150 mL beakers, 100 and 1000 mL volumetric flasks. 
 Plastic bottles for solution storage. 




1. Transfer 20 mL of 1, 10, 100 ppm standards to three 100 mL beakers. 
Add 20 mL buffer to each standard. 
2. Transfer 20 mL of sample to a 100 mL beaker. Add 20 mL buffer to 
sample. 
3. Check levels of inner and outer filling solutions in reference electrode 
(see reference electrode manual for specifications). 
4. Follow instructions for setting up meter to standardize with the three 
standards. Insure that the slope is accurate with a minimum R
2
 of 0.95. 
5. Rinse electrodes and place into sample. Record reading directly in ppm 
with no decimal. 
6. Recheck standards frequently. 






Data collection and analysis 
 
 The sensors of the Troll 9500 multi-parameter sonde were calibrated and inserted 
into the 5 cm o.d. PVC tube that was mounted through the biofilm media retention screen 
and lowered down to 7 cm above the bottom of the BB continually monitored and 
recorded temperature, electrical conductivity, oxidation-reduction potential and pH.  Grab 
samples were collected similar to that in Expt. 3, every 12 hours for a total of 18 days 
with a syringe and stored at -20 °C.  Bioammonium/ammonia concentrations were 
measured with Molecular Devices SPECTRA max PLUS 384 spectrophotometer 
microplate reader at 630 nm
-1
 as in Expt. 1-3 (Molecular Devices, MDS Analytical 
Technologies, Inc., Sunnyvale, Calif.).  Nitrate was measured with a Horiba Nitrate meter 
(model C-141; Horiba, Ltd., Kyoto, Japan).  The data was then subjected to polynomial 
regression using Sigma Plot (Systat Software Inc., San Jose Calif.) to see how BAA 
converted to nitrate over time.  Appropriate models for each rate were then selected based 
on incremental regression significant P - values that best explained the data. 
 
RESULTS AND DISCUSSION  
 
 Of the parameters quantified by the multi-parameter sonde, only pH and 
temperature were monitored accurately due to the rapid biofilm accumulation on the 
conductivity, ORP and turbidity sensors.  The pH sensor within the sonde housing was 
positioned in a manner that allowed continual sloughing of biofilm accumulation allowing 
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for accurate recording.  The pH monitored by the computer was verified by the inline pH 
sensor that controlled the dosing pump, which had to be cleaned and recalibrated daily due 
to daily biofilm accumulation.  After each cleaning and calibration, the pH of the dosing 
sensor and sonde sensor were consistently in agreement.  Temperature and pH were held 
virtually constant at 7.7 and 30 °C respectively (data not shown).  Considering that no 
reliable data for conductivity, ORP and turbidity were accurately recorded, precise 
modeling was not possible.  The grab samples taken every 12 hr, produced response curves 
typically associated with wastewater and high ammonia loaded recirculating aquaculture 
environments.  The data for each run was combined and a mean generated then subjected to 
polynomial regression to see how time affected BAA production with each run.  
Appropriate model for pooled runs were then selected based on incremental regression 
significant P - values that best explained the data (Fig. 4.14).  The regression lines for run 
and time were plotted to determine how each run varied with time.  For each run for BAA, 
2nd order models were chosen with excellent R
2
 values that explained most of the variation 
in the models.  For each run for nitrate, 3
rd
 order models were chosen with excellent R
2
 
values that explained most of the variation in the models, with a plateauing effect occurring 
in the later days of the run.   Consistent with the literature, there was a lag phase between 
ammonia oxidation and nitrate generation due to free ammonia inhibition of nitrite 
oxidizing bacteria, even though the BB had been acclimated to higher concentrations of 
initial ammonia loading.  At the end of 18 d, there had been considerable evaporation with 
the BB from an initial volume of 36 L to approximately 29 L, a loss of 7 L.  There was 
considerable loss of BAA during the 18 d run time to almost undetectable levels less than 
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100 ppm.  Consistent with preliminary runs during biofilm establishment and acclimation, 
maximum nitrate concentrations hovered around 5,000 ppm (0.5%).   It was unknown if the 
initial ammonia volatized prior to being converted to nitrate or if a steady state was reached 
where nitrate was being volatized as fast as it was being oxidized from nitrite after 5,000 
ppm (0.5%).  At this point it was clear that in order to generate an organic N solution that 
could be tested against synthetic ammonium nitrate, the end solution from Expt. 4 would 
require further amending with BAA from Expt. 3 and soluble organic N from SPI.  Table 
4.1 presents the total mineral analysis of this amended organic N fertilizer prior to having 
soluble organic forms of phosphorus, potassium, macro and micronutrients added. The 
final average N concentrations were approximately 15,000 ppm (1.5%) organic N, 8,000 
ppm (0.8%) ammonium N and 5,000 ppm (0.5%) nitrate N for a 28,000 ppm (2.8%) total N 




 Due to free ammonia inhibition of nitrite oxidizers in the first stages of this 
reaction, the ultimate oxidation of nitrite was delayed to a point where ammonia or nitrate 
volatilization led to a net decrease in N content from the initial concentrations.  Final BAA 
upon termination of the 18 d reaction was less than 100 ppm and nitrate concentrations 
averaged approximately 5,000 ppm (0.5%), a net loss of approximately 3,000 ppm (0.3%) 
N.  After being amended further with BAA from Expt. 3 and soluble organic N from SPI, a 
final N concentration of 28,000 ppm (2.8%) was achieved.  This would allow for 13,000 
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ppm (1.3%) of immediately plant available N and 15,000 ppm (1.5%) soluble organic N 
















































































Fig. 4.2.  A view through the stainless steel retention screen of the biofilm bioreactor 
showing the pump at the bottom, prior to the addition of the remaining components and 























Fig. 4.3.  Image of the biofilm media that filled the entire volume of the  
biofilm bioreactor creating 47 m
2
















Fig. 4.4.  The air-diffuser and water pump with attached polyvinyl chloride piping are 
shown here secured to the stainless steel base plate. Note the neoprene gasket and the 12 


















Fig. 4.6.  Woven polyester fiber filter pad material was placed on top of the 

























Fig. 4.8.  Partial control of pH was established with a sensor, controller  











Fig. 4.10.  Aluminized bubble wrap insulation was placed around the heating mat prior  
to being wrapped with reflective fiberglass insulation. Note the black sensor wire coming 











Fig. 4.12. Cooling controller containing an internal temperature sensor with  




Fig. 4.13. Entire setup for Expt. 4 in a preliminary run, illustrating the exterior components, including pH control,  




















Fig. 4.14.  Pooled polynomial regression models of the interaction sample time and oxidation of  
bioammonium/ammonia (BAA) to nitrate concentration.  Note, pink and green dots are BAA and nitrate  
measurements, respectively.   
 
 
y = 10.331x2 - 656.09x + 10333 
R² = 0.9655 
y = 3.6513x2 + 44.138x - 335.14 
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Table 4.1 Mineral analysis of nine reactions after being amended with additional bioammonium/ammonia from Expt. 3 and 






Nitrate  Total N P  K  Ca  Mg  S  Zn  Cu  Mn  Na  
_____________________________________________________________________________________________________ 
 % ppm 
 ________________________________________________________________ ___________________________ 
1 0.82 1.52 0.50 2.84 0.043 0.050 0.026 0.004 0.010 2.15 0.47 2.42 42.23 
2 0.82 1.50 0.50 2.82 0.022 0.019 0.008 0.002 0.004 0.73 0.15 0.73 87.74 
3 0.82 1.51 0.51 2.84 0.045 0.027 0.197 0.017 0.008 2.04 0.40 2.50 61.19 
4 0.83 1.51 0.51 2.85 0.033 0.021 0.008 0.001 0.004 1.04 0.22 0.99 32.79 
5 0.80 1.54 0.51 2.85 0.041 0.026 0.004 0.001 0.005 1.18 0.25 0.91 66.75 
6 0.80 1.51 0.52 2.84 0.038 0.024 0.008 0.001 0.004 0.95 0.20 0.99 57.70 
7 0.82 1.54 0.53 2.89 0.022 0.027 0.017 0.001 0.005 1.48 0.31 1.55 53.82 
8 0.78 1.53 0.54 2.86 0.038 0.022 0.005 0.001 0.004 0.82 0.12 0.68 49.85 
9 0.82 1.55 0.57 2.94 0.028 0.035 0.028 0.002 0.007 1.48 0.34 1.76 41.68 
_____________________________________________________________________________________________________ 
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 Consumer awareness and demand for fresh, highly quality and nutritious organic 
sweet corn (Zea mays L. convar. saccharata var. rugosa) has led to great consumer 
demand from organically certified farms.  A problem facing organic farmers is slow 
release of nitrogen (N) during peak plant biological need. An experiment was conducted 
to determine the effect of novel organic N solutions compared to synthetic N solutions for 
fertigation through drip irrigation of sweet corn yield, quality and mineral and 
phytochemical content. The four factor experiment included two cultivars (3175 and 
378a), two fertilizer sources [a novel organic N solution (ONS) and a synthetic N 
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solution (SNS), both amended with the same organic macro and micro nutrients], at three 
N rates (84, 168 and 336 kg·ha
-1
 N) and grown on depleted or enhanced soils.  The sweet 
corn was transplanted 23Mar. 2009 at the Clemson Coastal Research and Education 
Center, Charleston S.C.  Cultivar 3175 yielded more cobs per plot than cultivar 378a. 
SNS at the 4x rate produced the greatest yields on depleted soils followed by ONS at the 
4x rate on enhanced soils.  On enhanced soils, SNS at the 1x rate nearly equaled the 4x 
ONS rate.  On depleted soils, the ONS at 2x rate of 168 kg·ha
-1
 N yielded more cobs  
compared to enhanced soils that required the 4x ONS rate of 336 kg·ha
-1
.  Cultivar 378a 
contained more total mineral nutrients than 3175.  Generally, kernel mineral content was 
greater with SNS when compared to ONS and on both depleted and enhanced soils with 
total mineral content greater with SNS on depleted soils.  Minerals calcium, zinc and 
sodium were unaffected by either ONS or SNS.  Phenolic acid content mg·g
-1
 did not 
differ by cultivar on depleted soils; however, cultivar 378a contained 11% more phenolic 
acid mg·g
-1 
on enhanced soils when compared to depleted soils when pooled over 
fertilizer source and rate.  Conversely for carotenoids, lutein, zeaxanthin and β-
cryptoxanthanin were 21%, 31% and 12% µg·g
-1 
greater, respectively, on depleted soils 
compared to enhanced soils when pooled over fertilizer source and rate.  Lutein increased 
with fertilizer rate with the 336 kg·ha
-1








Keywords: Zea mays L. convar. saccharata var. rugosa, super high quality (shQ), 
organic nutrient solution (ONS), synthetic nutrient solution (SNS), phenolic acid, lutein,  




 Consumer demand for highly nutritious vegetables, especially organic crops, 
using environmentally sustainable methods is steadily increasing. According to the 
USDA, retail organic food sales have dramatically increased 83% from 3.6 billion dollars 
in 1997 to 21.1 billion dollars in 2008.  The market is wide spread and multifaceted 
offering a wide range of products.  This market demand, however, has led to a supply 
deficit of organic products and organic farms have struggled to keep pace (Dimitri and 
Oberholtzer, 2009).  This creates an opportunity for conventional growers to transition to 
organic and for organic growers to seek certifiable, dependable and improved methods to 
further increase yield and quality of produce.   
 
 Large-scale commercial conventional growers use drip irrigation and fertigation 
of synthetic nutrients for precise delivery/feeding of nutrients for optimal crop yields.  
Sweet corn ear yield may increase due to subsurface drip fertigation versus surface 
irrigation due to delivery of immobile nutrients directly to the root zone (Martinez-
Hernandez et al., 1991).  Organic growers could benefit from fertigation with precision 
feeding of organic nutrients through drip irrigation similar to conventional commercial 
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production. Compost teas have value in organic production; however, the National 
Organic Standards Board (NOSB) restricts the use of compost teas by requiring the first 
harvest be a minimum of 90 d from fertilization (for edible portions not coming into 
contact with the compost tea) after application (USDA, 2004), due to the inherent risk of 
increasing pathogenic organism contamination on the edible portions.  This great delay in 
application timing with compost teas negates the idea of precision feeding crops and 
would demand that all nutrients be applied before planting.  In many cases, nutrients from 
solid organic fertilizers, especially nitrogen (N), become deficient due to slow release 
resulting in inferior crop yield, quality and delayed earliness and uniform maturity.  To 
remedy this situation, organic nutrient solutions of a known concentration need to be 
developed to be used in precision organic fertility programs; however, most research to 
date has been conducted utilizing solid forms of nitrogen amendments, mainly compost, 
with liquid fertilization restricted primarily to fish emulsion and compost teas.   
Addressing this area of liquid organic fertilizer and relative availability of nutrients, a 
novel organic nitrogen fertilizer solution containing plant available ammonium, nitrates, 
while still having an organic nitrogen component in liquid form that could be delivered 
through drip irrigation was developed in research leading up to this experiment 
 
Therefore, the objective of this experiment was to test the efficacy of different 
rates of a novel biologically derived organic  nitrogen solutions (ONS) (amended with 
macro- and micro-elements)  and synthetic nitrogen solutions (SNS) (amended with 
macro- and micro-elements) on sweet corn (Zea mays L. convar. saccharata var. rugosa) 
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grown in a conventional production system to determine if yield and quality (cob 
physical characteristics, mineral content and phytochemicals) are comparable and 
acceptable to commercial standards.  In essence, the nutrient solutions only differed in 
nitrogen source, organic versus synthetic.  Two sweet corn varieties were also studied to 
determine differential varietal effects on sweet corn. Sweet corn was selected because it 
has a very high need for nitrogen for high yields. The experiment was repeated on a 
depleted soil and a rich, enhanced soil to determine if fertility response differed by soil 
quality.  
 
MATERIALS AND METHODS  
  
Experiment 5 was conducted at Clemson University‟s Coastal Research and 
Education Center (CREC) in Charleston, S.C. on two nearly adjacent fields (See Fig.  
5.1a, 5.1b and 5.1c).  With exception to their indigenous fertility, these fields were 
chosen because of their close proximity and similar soil characteristics of a Yonges 
loamy fine sand (Thermic Typic Endoaqualfs).  The depleted field had been under 
continuous intense vegetable production since 1932, which has caused subsoil 
compaction and depletion of organic matter.  The rich, enhanced field was continuously 
planted in perennial grass/fallow since 1986 and mowed, which has aided in the 
accumulation of organic matter.  The depleted field had the following characteristics 
before sweet corn planting: organic matter (OM) = 4 g·kg-1 and Cation-Exchange-
Capacity (CEC) = 4.4 meq·100g-1 soil). The enhanced field had OM of 46 g·kg-1 and 
159 
 
CEC = 12.0 meq·100g-1 soil native soil fertility (Table 5.1).  Therefore, the enhanced 
field had greater potential of supplying native minerals in this experiment compared to 
the depleted soil. Therefore, it was unknown if this enhanced field would require 
supplemental nutrients or if the soil can provide all of the nutritional requirements for the 
corn.   
 
For three years prior to the initiation of Expt. 5, Wondergraze sorghum-Sudan 
grass hybrid, Sorghum bicolor x. S. bicolor var. sudanense, (Coffey Forage Seeds, Inc., 
Plainview, Texas) was seeded in both fields at 25 kg·ha
-1
, utilizing John Deere E0008 
grain drill (model 064081M; Deere and Company, Moline, Ill.) in mid-May and allowed 
to grow through the summer.  In early October of each year, the foliar material was 
mowed, removed from the depleted field with a spike tooth harrow in field 1 (See Fig. 
5.2a, 5.2b); however, the roots of sorghum-sudangrass hybrid were impossible to remove 
and their presence added soil organic matter.   In enhanced field, plant material was 
mowed and later disked (See Fig. 5.3a, 5.3b).  Upon final mowing and disking, both 
fields were leveled with a spike tooth harrow, rough bedded and peanut-hoed with each 
planting date consisting of four 1.8 m beds separated by a drive row prior to final field 
preparation (See Fig. 5.4a, 5.4b).  Using a Combi Superbedder (Kennco Manufacturing, 





 50 preplant soil fumigant 50% Methyl bromide /50% Chloropicrin 
(Great Lakes Chemical Corporation, West Lafayette, Ind.) were being injected.  





 PC 16 mm drip tape (The Toro Company, El Cajon, Calif.) with 
emitters every 30 cm was laid just below the surface of the plastic followed fumigation.  
 
Weeds were controlled with both manual weeding and herbicides to include: pre-




 (S-metolachlor 83.7%) (Syngenta Crop 
Protection, Inc., Greensboro, N.C.) tank-mixed with Atrazine 4L 2.12 L·ha
-1
 (2-chloro-4 
ethylamino-6-isopropylamino-s-triazine 40.8%)  (Southern Agricultural Insecticides, Inc., 
Hendersonville, N.C.).  Yellow nutsedge (Cyperus esculentus) not controlled with pre-





methyl 75.0%) (Gowan Company, Yuma, Ariz.) 
 
Both ONS and SNS treatments were delivered to treatment plots at a 50:1 ratio by 
a custom designed fertigation injector system comprised of six Chemilizer HN55 
(Chemilizer Products, Hydro Systems, Inc., Cincinnati, Ohio) chemical injector pumps 
(See Fig. 5.5a and 5.5b).  The injector system delivered nutrient solutions to test plots 
through premium grade linear low density polyethylene Blue Stripe
®
 Oval Hose (The 
Toro Company, El Cajon, Calif.) 7.6 cm main feeder irrigation lines and 16 mm lateral 
connecting irrigation lines.  Main feeder lines to and from the fertigation system were 
connected  precision molded polyethylene Banjo
®
 couplers (Banjo Corporation, 
Crawfordsville, Ind.) and lateral lines were connected from the main feeder lines to the 
drip tape for each plot via custom molded polypropylene Tape-Loc
®
 couplings (Jain 
Irrigation, Inc., Winter Haven, Fla.).  A completely randomized block design with four 
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replications was used with plots each 3 m long and 1.2 m within row tiers between plots 
(See Fig. 5.6) with replications arranged from east to west and plots running linear from 
north to south.  The east to west arrangement of replications was chosen due to prior soil 
tests that indicated field wetting and pH patterns differing from the north to south lateral 
orientation.      
 
 Super high quality sweet corn shQ varieties XTRA-TENDER BRAND 3175 
(shQ) lot# 62@100MBAG (referred further in this thesis as just 3175) and XTRA-
TENDER BRAND 378a (shQ) lot# 49@100MBAG (referred further in this thesis as just 
378a) (Siegers Seed Company, Holland, Mich.) were selected.  ShQ cultivars are 
synergistic hybrids created by taking standard sweet corn (su) and stacking the sugary 
enhanced (se) gene on top of the supersweet (sh2) gene, resulting in dominance of the se 
and sh2 genes in the shQ cultivar.  The varieties have greater sugar content with low 
conversion rates to starch conversely than se varieties, yet they have low pericarp tension 
normally found in se varieties. The varieties were seeded in 98 cells/flat plug trays [l x w 






 TLC 98 Pro-Tray 
(model PRO00998; Myers Industries, Inc., Akron, Ohio) filled with Fafard Custom Blend 
(Conrad Fafard, Inc., Agawam, Mass.) transplant media containing 45% Canadian 
sphagnum peat, processed pine bark, perlite and vermiculite.  This custom mix was 
chosen for its lack of nutrient charge which was desired to avoid confounding indigenous 
fertility and thus possibly affecting a growth response in field.  Typically sweet corn is 
commercially direct seeded in the field; however for this study we wanted to insure 
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excellent stands of plants of equal size and vigor to aide in a fair and equitable test.  
Transplants were grown in the greenhouse with 29 °C day /24 °C night temperatures, 
respectively, for 15 d.  We found 18 d was the maximum duration plants could occupy 
flats prior to tap root distortion and potential abnormal field growth.   Prior to field 
planting, transplants were removed from the greenhouse on d 15 from seeding, placed 
outside and allowed to harden off for 3 d to become conditioned to ambient outdoor 
weather fluctuations.  Transplants were hand planted with 20 plants per plot with 30.5 cm 
within row and 35.5 cm between row spacing and hand watered to insure adequate root-
media and field-soil contact.  ONS and SNS treatments were delivered weekly during the 
growing season amounting to a total of 84, 168 and 336 kg·ha
-1
 N, for 1x, 2x and 4x 
respectively.  Fertilizer plot controls were included into the experimental design to 
determine a baseline for: 1) comparison against the fertilizer treatments; and 2) 
indigenous fertility that supplied nutrients in both the enhanced and depleted fields.  
Control plots were watered with plain water to maintain similar moisture levels.  Both 
ONS and SNS nutrient s solutions were supplied with the following additions: 1) Organic 
Biolink Micronutrient Fertilizer (Westbridge Agricultural Products, Inc., Vista, Calif.) 
containing 1.0% K2O, 0.5% Mg, 3.0% S, 0.02% B, 0.05% Cu, 2.0% Fe, 2.0% Mn, 
0.0005% Mo and 3.0% Zn; 2) Great Salt Mineral Sulfate of Potash Soluble Fines SOP 
Organic 0-0-50 (Compass Minerals, Great Salt Lake Minerals Corporation, Overland 
Park, Kans.) containing 52.3% K2O,  17.8% S, 0.4% Cl and  0.4% Mg; and 3) Ag Grand 
AGGRAND Natural Liquid Bone Meal 0-12-0  (AMSOIL /AGGRAND, Inc., Superior, 
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Wis.) containing 12.0% P2O5 (Table 5.2).  A schedule of seeding, planting, fertigation 
and harvests throughout the sweet corn production season are outlined in Table 5.3. 
 
Insects were controlled using a Solo
®
 450 motorized backpack fogger (SOLO  
USA, Inc., Newport News, Va.) and applying the following: three applications of 








dimethylcyclopropanecarboxylate 11.4%) (Syngenta Crop Protection, Inc., Greensboro, 




 (Bifenthrin: 2 methyl [1, 1‟-biphenyl]-3-
yl) methyl 3-(2-chloro-3, 3, 3-trifluoro-1-propenyl)-2, 2-dimethyl-
cyclopropanecarboxylate 25.0%) (Loveland Products, Inc., Loveland, Colo.); and four 
applications of Spintor
®
 2SC 1.9 L·ha
-1 
(Spinosad; Spinosyn A, D 22.8%) (Dow 
AgroSciences, LLC., Indianapolis, Ind.). 
 
Considering plants growing on plastic mulched beds had potential to lodge, the 
plants were staked similar to the procedure used for staked tomatoes.  Tomato stakes [1.5 
m height x 2.5 cm square] were driven into the soil approximately 30 cm through the 
plastic at the ends of each plot for a total of 4 stakes per plot.  A single line of sisal/twine 
(Jarden Corporation - The Lehigh Group, Macungie, Pa.) was woven tightly through the 
plants without hindering further growth when plants reached heights of 45, 90 and 150 
cm, respectively.  Stand counts were recorded when plants reached 90 cm; plants that 
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appeared to be stunted, deformed or suspected of not maturing properly were pulled from 
that plot, considered as functional weeds and  removed from the final analysis. 
 
All treatments plots were harvested and graded according to USDA, Agricultural 
Marketing Service, Fresh Market Vegetable Grade Standards for sweet corn, effective 12 
Feb. 1992 (USDA, 1992).  The plots were examined three times weekly and carefully 
inspected for cobs with browning of silk, feeling cob girth, cob tip fill and inspecting and 
judging the stage of marketability by partially pulling apart wrapper leaves.  Once the tip 
of the ear was exposed and there was adequate tip fill with plump kernels, we used the 
thumb nail kernel prick test for “milk/dough” to determine pericarp tension and adequate 
kernels to satisfy the USDA requirement under §51.843 Definitions. (g) Plump and milky 
means that the kernels are well-developed and the contents have a milky, creamy, or clear 
jelly-like consistency.  If cobs are classified as dough, they were considered over mature. 
Once it was determined that plots were ready for harvest, a more thorough inspection was 
performed on a plot by plot basis and only primary cobs  initially were harvested from the 
plant, leaving the corn ear leaf attached to the cob for the first harvest.  Two d later, 
secondary ears were harvested in the same fashion, with tertiary cobs harvested on the 
fifth d.  
 
 Immediately after harvest, corn was brought inside and allowed to acclimatize 
from outside temperature of 32.5 °C to room temperature (approximately 24.5 °C) and 
then placed into a Percival Environmental Control Room (model AR-89L3; Percival 
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Scientific, Inc., Perry, Ind.) equipped with Advanced Intellus Environmental Controller 
software and stored at 2.0 °C and 95% relative humidity.  Upon removal from the cooler, 
cobs were shucked with the corn-ear-leaf from each cob placed alongside that particular 
cob.  The cob ear leaf was an important indicator of plant health, potential yield and 
quality, and the amount of chlorophyll thus nitrogen contained within the corn-ear-leaf.  
Three chlorophyll readings were taken with a Chlorophyll SPAD-502 Meter (Minolta 
Inc., Ramsey, N.J.); halfway down the corn-ear leaf between the tip and base adjacent to 
the midrib from five randomly selected cobs per plot were recorded.  These same corn-
ear-leaves were combined per plot for the first harvest only, dried in a Grieve forced air 
oven, (model 13-261-28A; The Grieve Corporation, Round Lake, Ill.) at 40.5 °C for 72 h 
and ground with a Cyclotec Sample Mill (model 1093; Foss Analytical A/S., 
Slangerupgade, Hillerød, Denmark) commercial grinder and stored at -20 °C for future 
mineral analysis. 
 
Quality data from cobs was recorded next.  The shank was trimmed flush to the 
bottom of the cob along with undeveloped kernels at the incompletely filled tip.  
Individual cob characters such as weight, length, and width at the widest girth of the cob 
and total number of rows were recorded.  Remaining marketable cobs were sorted from 
culls with the total number and weight recorded.  Marketable cobs with no defects that 
were not at least 3.5 cm wide and 10.2 cm long were considered “cull”.  Cull cobs were 
individually weighed and classified into categories including short, no fill, skinny, 
misshapen, diseased and immature.  Prior to statistical analysis, all culls weighing ≤ 50 g 
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were completely eliminated from the data set and presumed unviable ears, considering 
they would not have been able to acquire marketable status prior to plant senescence.  In 
addition to eliminating ears ≤ 50 g from the dataset, cull ears were grouped into the 
following categories for ease of analysis as follows: all cobs that were graded as short, 
skinny and immature were classified collectively as “immature”; no fill, misshapen and  
diseased were classified as “other”.    
 
The five marketable cobs from each plot that were randomly selected and graded 
earlier were cut from the butt to 10.2 cm in length and immediately frozen in liquid 
nitrogen and stored at -20 °C for 2 weeks.  Cobs were then removed from the freezer and 
kernels from approximately 5 rows from each of the 5 cobs per plot were carefully 
plucked with stainless-steel spatulas leaving pericarp intact and then freeze dried in a 
Virtis Genesis 25EL Freeze Dryer (SP Scientific Industries, Warminster, Pa.).  After 7 d 
in the freeze dryer, thermocouples inserted in random kernels on each of the four racks 
indicated samples were dry.  Upon inspection after removal from the freeze dryer, it was 
discovered that some kernels were still holding moisture due to their extra sugary nature  
and the intact pericarp; therefore, pericarps of the kernels from all plots were manually 
ruptured with a glass rod and samples re-subjected to freeze drying.  After an additional 
four d, samples were removed from the freeze dryer, placed in labeled scintillation vials 




 Mineral analysis was performed by Clemson University Agricultural Service 
Laboratory (CUASL), Clemson, S.C. similar to the analysis performed in Expt. 4.  There 
were three separate procedures utilizing two devices for total mineral analysis.  For 
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), zinc (Zn), manganese 
(Mn), copper (Cu), iron (Fe), sulfur (S) determination, inductively coupled plasma 
spectrometry (ICP) (Arcos 165 ICP-OES; Spectro Analytical Instruments, GmbH, Kleve, 
Germany) utilizing the wet-ashing procedure with nitric acid (HNO3) + 30% hydrogen 
peroxide (H202) was used along with the metal filtrate procedure for analysis of sodium 
(Na).   Nitrogen (N) was determined utilizing the Kjeldahl digestion procedure for 
determining total N using a Hach Digesdahl
®
 Digestion Apparatus (Hach Company, 
Loveland, Colo.). The following methods describe the procedures performed on these 
samples by CUASL.  Inspection of all fresh plant tissue was carefully examined to 
determine physical condition, type of material, extent of contamination, and freedom 
from disease. A laboratory number was assigned to sample bag, data sheet, and sample 
submission form.  The first digit of the lab number is 1 for plant, the second two digits 
are the month and the last four digits are the sample number for the year.  Samples were 
placed in paper bags in the oven and dried 70 - 80 
o
C for 24 h.  Samples were dried to a 
crisp and brittle state and ground immediately.   
 
Wet Ashing Procedure was used to determine the P, K, Ca, Mg, Zn, Mn, Cu, Fe, 
and S of corn kernels. Two dried samples were weighed 0.500 and 0.001 g, respectively 
into labeled 100 mL digestion tubes.  Under a fume hood, 5 mL concentrated HNO3 was 
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added by rinsing down sides during the addition.  Samples were predigested for 30 m 
under the fume hood without heat and the ending heat time recorded.  The digestion tubes 
were placed on a digestion block and heated at 125 
o
C for 1.5 h.  The samples were 
removed from the digestion block and allowed to cool for a few minutes.  Next, 3 mL 
(30%) H2O2 were slowly added to each sample by rinsing down sides during the addition 
and allowed for frothing to settle.  The tubes were placed back on digestion block and 
heated at 125 
o
C for 1 h and ending heat time recorded.  This last step was the addition of 
3 mL (30%) H2O2 and heating was repeated.  Digestion block temperature was increased 
to 200 
o
C and samples heated for 1 h and end heating time recorded which brought 
samples to dryness.  The dry samples were removed one at a time from the digestion 
block simultaneously adding 10 mL of (10%) HNO3 and samples were set in a second 
rack under hood and allowed to cool for 15 min.  Each sample was diluted with 50 mL 
deionized water, stoppered and hand shaken vigorously for 5 s.  An aliquot was 
transferred from each sample to appropriately labeled ICP tubes and subjected to plasma 
induction.     
 
The metal filtrate procedure was used to determine sodium. Dried samples were 
weighed to 1.00 g and placed into 150 mL beakers and 100 mL of H20 added and then 
placed on a stirrer for 30 min.  The mixtures were then metal filtered with the filtrates 
placed into separate ICP test tubes.  The filtrates were then subjected to plasma induction.  




Kjeldahl Digestion Procedure was used to determine Total N. The reagents used 
included: 1) Nitrogen standards were made by accurately weighing 4.72 g ammonium 
sulfate (NH4)2S04 and dissolving in deionized water and diluted to 100 mL which yields a 
1% N solution; 2) concentrated sulfuric acid H2S04; 3) Kjeltab catalyst tablets as 
anhydrous copper sulfate CuS04 (Labolan SL., Esparza de Galar, Spain); and 4) glycine, 
weighed to 0.10 mg to be digested along with samples and a value of 18.66 + 0.9% N 
was ensured. Dried samples weighing 0.50 g were placed into a 250 mL digestion tube 
along with 2 Kjeltab catalyst tablets and 12 mL of concentrated H2S04 and placed on the 
digestion block with front and back shields in place.  The samples were heated to 400 
o
C 
for 45 min with an additional 30 min after samples were digested.  After removal from 
the digestion block and allowed to cool for 20 min with front and back shields off, 75 mL 
deionized H20 were added and the sample was ready for distillation.  Next, 0.1 g glycine 
was ashed along with samples on first set and a value of N is 18.66 + 0.9% was ensured.  
Prior to distilling samples, 1 mL of (NH4)2S04 solution was added to each digestion tube 
for each distillation unit and diluted each with 80 mL deionized water, and then distilled 
and a value of 1.00 + 0.05% N for each sample was ensured. 
 
 Phenolic acids were determined for corn kernel samples.  Chemicals for phenolic acid 
extraction and analysis included the following: methanol (MeOH), aqueous hydrochloric acid 
(HCl) High Performance Liquid Chromatography (HPLC) grade H20, (Sigma-Aldrich, Inc., 
St. Lois, Mo.); sodium carbonate (Na2CO3), 3, 4, 5-trihydroxybenzoic acid (gallic acid) and 
Folin Ciocalteu‟s (FolinC) phenol reagent (Thermo Fisher Scientific Inc., Waltham, Mass.).  
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Phenolic acid extraction and analysis are the basic principles described by Waterhouse 
(2002), as modified by B. K. Ward (2010).  Gallic acid standard stock solution were prepared 
(2, 4, 8, 16, 32, and 64 mg / 100 mL 62.5% MeOH + 6N HCl (50% HCl - 50% H20) (8 parts 
MeOH: 2 parts HCl), hand mixed well, wrapped in aluminum foil and refrigerated.  Freeze 
dried shQ sweet corn powered samples were weighed to exactly 0.100g using an analytical 
balance.  Weighed samples were added to labeled 15 mL Falcon conical bottom test tubes 
(Becton, Dickinson and Company, Bedford, Mass.) for 90 °C acid hydrolysis and 10 mL of 
62.5% MeOH + 6N  HCl (50% HCl : 50% H20) (8 parts MeOH : 2 parts HCl) to each sample 
and vortexed  for 1 min using a Vortex Genie 2 (Scientific Industries, Inc., Bohemia, N.Y.).  
Test tubes were arranged in metal racks and placed in Branson 3510 sonicator water bath 
(Branson Ultrasonic Corporation, Danbury, Conn.) at 90 °C, removed every 30 min for a 10 s 
vortexing and placed back into the sonicator for a total 2 h.  Upon removal from the heated 
sonicator water bath, samples were vortexed for 10 s, allowed to cool to room temperature 
for 30 min then vortexed for 10 s again and placed into a Sorvall Legend RT centrifuge 
(Thermo Fisher Scientific Inc., Waltham, Mass.) and centrifuged at 3700 rotations per minute 
(rpm) for 20 min at 4°C.  Upon removal from the centrifuge, 200 μL of the extracted 
supernatant were transferred via pipette to new labeled conical bottom test tubes.  
 
 To prepare standard solutions, 200 μL of the gallic acid standard stock solution were 
added to each of the new conical bottom test tubes for each standard solution rate.  Next, 2 
mL HPLC grade H2O were added and vortexed for 5 s followed by the addition of 200 μL of 
Folin C phenol reagent, vortexed for 10 s and covered with aluminum foil to prevent photo-
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degradation.  Unknown samples previously prepared, were then prepared with the addition 2 
mL HPLC grade H2O and vortexed for 5 s, followed by the addition of 200 μL of FolinC 
phenol reagent, vortexed for 10 s and covered with aluminum foil to shield from light.  After 
5 min, standards and unknowns were vortexed again for 5 s, 2 mL of a 7% Na2CO3 solution 
was added to each sample vortexed for 5 s.  Next, standards and unknowns were diluted by 
adding 5 mL of HPLC grade H2O and vortexed for 5 s, covered with aluminum foil and 
allowed to incubate for 30 min.  Using BD Falcon Microtest US-VIS Clear Plate (Becton, 
Dickinson and Company, Bedford, Mass.), 100 μL HPLC grade H2O were pipetted for the 0 
concentration followed by 100 μL of each of the increasing standards into 2 micro wells 
along with six blanks.  Following the blanks on the Microtest plate, 100 μL of each unknown 
sample were pipetted into 2 micro wells.  The samples were analyzed against the standards 
on a Molecular Devices SPECTRA max PLUS 384 spectrophotometer microplate reader 
UV-VIS at 765 nm
-1
 (Molecular Devices, MDS Analytical Technologies, Inc., Sunnyvale, 
Calif.). 
 
Carotenoid content was determined for corn kernels.  Chemicals included the 
following: potassium hydroxide (KOH), butylated hydroxytoluene (BHT), ammonium 
acetate (C2H7NO2) and methyl tert-butyl ether (C5H12O (MTBE)) (Sigma-Aldrich, Inc., 
St. Louis, Mo.); hexane, acetonitrile, methanol, methylene chloride (EMD Chemicals 
Group, Merck KGaA, Darmstadt, Germany); lutein, zeaxanthin, β-cryptoxanthin 
(Thermo Fisher Scientific Inc., Waltham, Mass.).  Extraction and analysis of carotenoids 
were performed according to the basic methods of Kurilich and Juvik (1999) as modified 
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by Howe and Tanumihardjo (2006), as modified by Fanning et al., (2009).  Extraction of 
ground freeze dried tissue samples (1.5 g) was precipitated for 5 min with 6 mL of 
ethanol containing 0.1% BHT in an 85 °C Precision reciprocal shaking water bath (model 
50; Thermo Electron Corp., Marietta, Ohio).  Next, samples were subjected to 
saponification for a total of 10 min with 500 μL of 80% w/v KOH by vortexing at 5 min 
with a Vortex Genie 2 (Scientific Industries, Inc., Bohemia, N.Y.).  Upon removal from 
the water bath, samples were promptly subjected to an ice bath where 3 mL of cold 
distilled deionized H2O was added to each sample. After 5 min, 3 mL of hexane was 
added to each sample, vortexed and then placed into a rugged laboratory rotator for 
10min.  After centrifugation the aqueous/hexane supernatant layer was pipetted into a 
separate test tube, and the remaining pellet was subjected to the previous step using 3 mL 
of hexane and re-extracted twice more with each of the three extracted supernatants 
combined.  These combined hexane supernatant fractions were then dried down under 
nitrogen and reconstituted with 200 μL of acetonitrile / methanol / methylene chloride 
(45:20:35 v/v/v) prior to injection into the HPLC. 
 
Carotenoids lutein, zeaxanthin and β-cryptoxanthin analysis were performed on a 
Hewlett Packard Series II HPLC (model 1090; Hewlett-Packard Development Co., Palo 
Alto, Calif.) equipped with a DR5 solvent delivery system, helium degasser, auto 
injector, photodiode-array-detector and ChemStation software. The column system 
consisted of an YMC Hydrosphere C18 5 µm 10 × 10 mm guard column and an YMC 
C30 3 μm 4.6 × 250 mm carotenoid column (Waters Corporation, Milford, Mass.).  
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Mobile phases included were Solvent A consisting of methanol/water (92:8 v/v) with 10 
mM ammonium acetate.  Solvent B consisted of 100% methyl tert-butyl ether.  Gradient 
elution was performed at 2 mL / min with the following conditions:  29 min linear 
gradient from 83% to 59% of A, 6 min linear gradient from 59% to 30% of A, 1 min hold 
at 30% of A, 4 min linear gradient from 30% to 83% of A, and a 4 min hold at 83% of A.   
Standards solutions of approximately 10 µg·mL
-1
 were made up in the following lutein 
(ethanol) and β-cryptoxanthin and zeaxanthin (hexane), and absorbance measured at 450 
nm
-1
. The concentration in µg·mL
-1
 of solution was determined by the following formula: 
concentration = (absorbance × 10,000)/A1%.  Carotenoid standards lutein, β-cryptoxanthin 
and zeaxanthin were analyzed by HPLC to determine peak purities.  Actual 
concentrations of standard solutions were calculated by multiplying the concentration 
determined spectrophotometrically by the percent peak area of the standard peak as 










 Data for the four factor completely randomized block design experiment 
combining soil quality, cultivar, fertilizer source and rate were analyzed using SAS 
statistical software Version 9.2 (SAS Institute, Inc. Cary, N.C.) for analysis of variance 
(ANOVA) general linear model (GLM) and MSTAT statistical software Version C 
(Michigan State University, East Lansing, Mich.) for Fisher‟s least significant difference 
(LSD) for mean separation. 
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RESULTS AND DISCUSSION            
 
Yield.  The ANOVA, combining soil quality, fertilizer source and rate and soil 
quality with regard to marketable number of cobs/plot, error accounted for 40% of the 
total variation (Table 5.4).  Among the main effects, fertilizer rate accounted for 13% of 
the total variation, followed by fertilizer source at 11% of the total variation.  The main 
effect of cultivar was highly significant and accounted for 9% of the variation, but 
cultivar did not significantly interact with any other factors which indicated both cultivars 
reacted similarly to soil quality, fertilizer source, and fertilizer rate.  This revelation made 
further analysis of the data easier since even though cultivar 378a was lower yielding, it 
responded the same as cultivar 3175 making easier interpretation and recommendations.  
Even though 378a did not have the same yield potential as the 3175, it was still important 
to determine how the nutrient solutions affected 378a and could possibly improve its 
performance.  Therefore, the second decision was to determine on each soil type, the 
nutrient solution that enhanced yield and how well ONS performed compared with SNS 
for both cultivars.  
 
The 3-way interaction of soil quality x fertilizer rate x fertilizer source was 
significant at P = 0.0020 and contributed 8% of the total variation (Table 5.5).  With 
regard to total marketable cob weight per plot, error accounted for 50% of the total 
variation.  Rate contributed 17% and fertilizer source 9% among main effects and the 
interaction of soil quality x fertilizer rate contributed 4% of the total variation.  The 3-
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way interaction of soil quality x fertilizer rate x fertilizer source was significant at P = 
0.0134 and contributed to 7% of the total variation.  This interaction is one of the most 
important interactions to investigate.  Depleted soils with SNS required the 4x rate to 
produce the greatest number of cobs/plot compared to the 1x and 2x rates (30.1 vs. 22.0 
and 24.1 cobs, respectively).  The second greatest number of cobs/plot yield was ONS at 
the 4x rate (25.5 cobs) on enhanced soils.  Further, SNS at the 4x rate produced 20% and 
27% more cobs than SNS 2x and 1x rates, respectively.  With ONS on depleted soil, all 3 
ONS rates performed the same statistically.  Under depleted soil quality conditions, SNS 
at the 4x rate produced 25%, 32% and 33% more cobs compared to the comparable ONS 
rates 1x, 2x and 4x, respectively.   
 
Evaluating yield on enhanced soils with ONS, the greatest number of cobs 
(cultivars pooled) was produced with the 4x rate which was significantly greater than the 
1x and 2x rates. With SNS on enhanced soils, all 3 SNS rates yielded statistically similar.  
At the 2x and 4x rates, both the SNS and ONS yields on enhanced soils were similar; in 
contrast, the ONS 1x rate yields were lower than SNS 1x rate by 15%.  Overall on 
enhanced soils, given the natural fertility of the soil, a grower using ONS needs to use the 
4x rate to achieve more cobs, but for comparison purposes only, when using SNS, only 
the 1x rate is needed to produce greatest yields.  An important distinction to make with 
regard to marketable cobs/plot is the production of cobs in the control plots that received 
no ONS or SNS applications.  With the controls, corn grown on depleted soils yielded 
17.8 marketable cobs/plot vs. 21.5 marketable cobs/plot produced on enhanced soils.  
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Although this research was not directly initiated as an “agronomy/soil” specific study 
with regard to pedology and edaphology, the importance of soil quality is vital in all field 
experimentation.  To increase soil quality in the enhanced field, cover cropping was used 
for several years before sweet corn was planted. Therefore, without the addition of any 
fertilizer, enhanced soil control plots produced 17% more cobs than depleted soil control 
plots. 
 
Although the control plots on depleted soils did not produce as many cobs as the  
1x rate of either ONS or SNS fertilizers, it did produce 27,807 cobs·ha
-1
 which is 
comparable to, yet 9% less than the “commercial standard” of 30,875 cobs∙ha
-1
 
(Schultheis, 1998).  More interesting was that the enhanced soil control plots produced 
the same amount of cobs/plot as the 1x ONS rates, which was 35,342 cobs·ha
-1
 or 13% 
more cobs·ha
-1
 than the commercial standard.  Although cob production utilizing SNS at 
all rates on enhanced soils did not statistically differ, all SNS rates increased yield 
compared to the controls.  On enhanced soils, sweet corn required the 4x ONS to illicit a 
significant response.  
 
Even though both cultivars responded similarly to soil quality, fertilizer source 
and rate, the data set was split into two parts and a 3-way ANOVA was performed on 
each cultivar with the following goals: 1) not to dilute the yield analyses with a 
genetically low yielding cultivar; and 2) to examine each cultivar separately, whether 
genetically inferior or not, to reveal responses for each unique germplasm; and 3) 
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proprietary purposes to evaluate only the best cultivar that enhanced sweet corn yield. 
Therefore, the approach from this point was to run “side-by-side” cultivar comparisons to 
see how each performed with fertilizer source and rate on depleted vs. enhanced soils.  In 
this section, the issue of cultivar choice was more fully addressed with regard to 
marketable yield and quality, cull yield and defects, kernel mineral analysis and kernel 
phytonutrient content.   
 
Table 5.6 presents the ANOVA for each cultivar separately for marketable 
cobs/plot which ultimately translates to cobs/ha.  Similar to previous analyses, error 
accounted for a majority of the variance (48% vs. 34% for cultivars 3175 and 378a 
respectively).  For cultivar 3175, the main effects of the individual factors accounted for a 
major portion of variation compared to the amount of variation attributed to the NS 
interactions.  Among main effects, fertilizer source was the most significant at P = 0.0031 
and contributed the most variation of 15%.  Next in importance, the fertilizer rate was 
significant at P = 0.0333 and contributed 11% of the total variation.  Among the main 
effects with regard to cultivar 378a, fertilizer rate was the most significant at P < 0.0001 
and contributed the most variation of 26%.  Fertilizer source was significant at P = 
0.0052 but only contributed 9% of the variation.  In contrast to cultivar 3175, the 
interaction of soil quality x fertilizer source x fertilizer rate interaction of cultivar 378a 
was highly significant at P = 0.0009 and contributed 18% of the total variation.  
Discussion of mean separation for these significant main and interaction effects will 
follow later. Of lesser importance to growers, the ANOVA for marketable weight/plot 
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indicated cultivar differences (Table 5.7).  Error contributed most of the variation in 
marketable weight/plot in (42% vs. 49% for cultivars 3175 and 378a, respectively).  
Again, for cultivar 3175, the main effects of the individual factors accounted for most of 
the variation compared to the amount of variation attributed to the interactions with no 
interactions being significant.  This time, fertilizer rate contributed the most variation 
among main effects contributing 18% and significant at P = 0.0026, with fertilizer source 
following in importance and significant at P = 0.0032 contributing 13% of the variation.  
With cultivar 378a, fertilizer rate contributed 21% of the variation and was significant at 
P = 0.0030; however, there was no significant interaction effect and fertilizer source 
followed in importance to fertilizer rate, significant at P = 0.0365 and contributed 7% of 
the total variation.  
   
Table 5.8 presents the influence of fertilizer source on total marketable cobs/plot 
and weight/plot for both cultivars 3175 and 378a, respectively.  Pooled over soil quality 
and fertilizer rate, cultivar 3175 grown with SNS produced 26.5 cobs/plot and weighed 
5.62 kg/plot compared to ONS which produced 23.1 cobs/plot and weighed 4.91 kg/plot, 
a difference of 13% and 25%, respectively, and in comparison to the controls which 
produced only 20.0 cobs/plot at 3.84 kg/plot.  Concerning ONS, yields were increased 
14% and 12%, respective to cobs/plot and weight/plot in contrast to the control plots 
without fertilizer.  Cultivar 378a grown with SNS (pooled over soil quality and fertilizer 
rate), produced 23.3 cobs/plot and weighed 5.33 kg/plot compared to ONS which 
produced 21.1 cobs/plot and weighed 4.73 kg/plot, a difference of  9% and 17% more 
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than control plots without fertilizer which yielded 19.3 cobs/plot  at 4.01 kg/plot.  With 
cultivar 3175, ONS produced 9% and 15% more cobs/plot and weight/plot, respectively, 
than control plots without fertilizer.  Overall, cultivar 3175 was superior to cultivar 378a 
grown with either fertilizer scenarios in cobs/plot and weight/plot. Cultivar 378a, 
however, produced slightly more weight/plot (4%) with fewer cobs/plot (3%) in control 
plots without fertilizer than cultivar 3175, indicating slightly heavier individual cobs. 
 
 The influence of fertilizer rate had mixed effects with each cultivar (Table 5.9).  
For cultivar 3175, the 4x rate produced 7% more cobs/plot than the 1x rate and 13% more 
cobs/plot than the 2x rate (26.5 vs. 23.1 cobs, respectively).  Although the 1x and 2x rates 
were not statistically different from each other, the 4x rate was statistically different from 
the 2x and 1x rates (5.82 vs. 4.83 and 5.01 kg/plot, respectively).  Although not 
statistically analyzed, all three fertilizer rates produced a positive yield response over the 
control plots without fertilizer for marketable cobs/plot and weight/plot.  For cultivar 
378a, all three fertilizer rates were significantly different with regard to cobs/plot (20.0 
vs. 22.1 vs. 24.6 for 1x, 2x and 4x, respectively).  In contrast, marketable weight/plot at 
the 4x vs. 2x fertilizer rate did not statistically differ nor did 2x vs. 1x fertilizer rate; 
however, the 4x rate was significantly different from the 1x rate (5.64 vs. 4.42 kg/plot).  
All three fertilizer rates appeared to produce a positive yield response over the control 
plots without fertilizer. 
 
Referring to Table 5.6, the only significant interaction effect affecting marketable  
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cob yield for cultivar 378a was the soil quality x fertilizer source x fertilizer rate.  
Although not significant, there was a trend that SNS at the 4x rate produced the most 
cobs/plot on depleted soils followed by ONS at the 4x rate on enhanced soils 28.5 vs. 
26.3, respectively (Table 5.10).  There was no benefit on enhanced soils using the 4x vs. 
the 1x SNS.  On enhanced soils, SNS at the 2x rate increased yield over the 1x and 4x 
rates.  The response of all rates of ONS on enhanced soils responded in a stepwise 
fashion along with increasing rates of SNS on depleted soils.  Organic nitrogen solutions 
on depleted soils did not respond differently and there was no significant benefit for using 
the 2x or 4x rates over the 1x rate.  Control plots in the enhanced soils produced more 
cobs/plot without fertilizer than all three rates of ONS in the depleted soils. 
 
Cob Quality.  Cob marketable quality data consisted individual cob weight, 
length, width, number of kernel rows and SPAD measurement on the corn ear leaf 
associated with that particular cob.  Error accounted for a majority of the variance in 
marketable weight per cob (40% vs. 52% for cultivars 3175 and 378a, respectively) 
(Table 5.11).  Most of the variation was associated with the main effects for both 
cultivars without any significant interaction effects.  For cultivar 3175, fertilizer rate 
accounted for the most variation with 22% and significant at P = 0.0006, followed by soil 
quality, contributing 14% of the total variation and significant at P = 0.0015.  For cultivar 
378a, fertilizer source accounted for a majority of variation with 10% and significant at P 
= 0.0150, followed by fertilizer rate contributing 8% of the variation although not 
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significant.  Lastly for cultivar 378a, soil quality contributed the next major source of 
variation of 6% and significant at P = 0.0530.   
 
Cultivar 378a produced heavier cobs than 3175 when pooled over both soil 
quality scenarios (Table 5.12).  Cultivar 3175 grown on enhanced soils weighed 229.7 
g/cob vs. 217.4 g/cob for those grown on depleted soils, a difference of 5%.  Similarly, 
cultivar 378a grown on enhanced soils weighed 239.2 g/cob vs. 232.5 for those grown on 
depleted soils, a difference of 3%.  Although enhanced soils yielded heavier cobs than 
depleted soils, cultivar 378a for the first time proved superior to cultivar 3175 with regard 
to weight/cob (g), a difference of 6% on depleted soils and 4% on enhanced soils, 
respectively.  But 378a yielded fewer cobs/plot and the heavier cob weight did not 
increase yield kg·ha
-1
 compared to cultivar 3175. 
 
The next significant main effect of importance for marketable weight/cob was 
fertilizer rate which affected only cultivar 3175 (Table 5.13).  The 4x fertilizer rate was 
superior to the 2x and 1x rates with the two lower rates statistically similar (233.8 vs. 
221.3 and 215.7 g/cob for 4x, 2x and 1x, respectively).  All three rates, however, 
appeared to yield more than the control plots with cobs weighing 202.7g/cob, a difference 
of 13%, 8% and 6% for fertilizer rates 4x, 2x and 1x, respectively.  Therefore, pooled 
over soil quality and fertilizer source, the 4x fertilizer rate was required to significantly 
increase in cob weight over the lower rates, yet even at the 1x rate, there was a 6% 




The last main effect of significance was fertilizer source only affecting cultivar 
378a (Table 5.14).  Synthetic nitrogen solutions were superior to ONS with 240.2 vs. 
231.5 g/cob, respectively, a difference of 4%.  Control plots without fertilizer yielded 
cobs that weighed 217.1 g, 10% less than cobs grown with SNS and 6% less than cobs 
grown with ONS.   
 
 Sweet corn cob length is typically cultivar dependent with a longer cob being 
considered a desirable sensory trait (Table 5.15).  Uncontrolled error accounted for the 
majority of variance for cultivar 378a and cultivar 3175.  For both cultivars, the only 
effect of statistically significant importance was soil quality contributing 44% of the 
variation for cultivar 3175 and significant at P < 0.0001 and 25% of the variation for 
cultivar 378a and significant at P = 0.0002.  Enhanced soil quality increased cob length 
of both cultivars over depleted soils from 17.6 cm to 18.9 cm for cultivar 3175, an 
increase of 7%; and 18.6 cm to 19.0 cm for cultivar 378a, an increase of 2% (Table 5.16).  
Although there was almost no difference in length between cultivars on enhanced soils, 
cultivar 378a was 1 cm longer on depleted soils than cultivar 3175, a difference of 5%.  
 
 Cob width is typically cultivar dependent similar to cob length with a wider cob 
being considered a desirable sensory trait (Table 5.17).  Uncontrolled error accounted for 
so much of the variance of 64%, there were no main or interaction effects that were 
significant for cultivar 3175.  Uncontrolled error accounted for a majority of the variance 
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of 49% for cultivar 378a. Once again similar to length, the only main effect of significant 
importance was soil quality accounting for 17% of the variation and significant at P = 
0.0019.  The difference in width due to soil quality was minor with depleted soils having 
minimally wider cobs at 4.5 cm compared to cobs grown on enhanced soils being 4.4 cm 
only differing less than 1 % (Table 5.18). 
 
 Total row number in sweet corn is cultivar dependent with spikelet pair  
meristems, each of which in turn forms two floral meristems caryopses, arranged in even 
numbers; therefore, rows are typically even numbered (Irish et al., 2003).  This even 
numbering of rows is not linearly uniform for the entire cob and in this research it was 
found that counting the number of rows approximately 3 cm from the trimmed bottom 
yielded both even and odd number of rows for both cultivars (Table 5.19).  Uncontrolled 
error accounted for a majority of the total variance (53% and 61% for cultivar 3175 and 
378a, respectively).  Once again, the only significant effect of importance was soil quality 
accounting for 35% of the total variation for cultivar 3175 and significant at P < 0.0001 
and 8% of the total variation for cultivar 378a and significant at P = 0.0403.  Cultivar 
378a contained more rows per cob overall than cultivar 3175 regardless of soil quality 
(Table 5.20).  Enhanced soils increased the total number of rows compared to depleted 
soils from 14.8 to 15.5, respectively, for cultivar 3175, an increase of 4% and 16.9 to 
17.3, respectively for cultivar 378a, an increase of 2%. 
  
Chlorophyll content referred to as SPAD is important in indicating overall plant  
184 
 
vigor and resulting cob marketability (Table 5.21).  Uncontrolled error accounted for the 
majority of variance (39% vs. 19% for cultivars 3175 and 378a, respectively).  For 
cultivar 3175, the main effect of fertilizer rate contributed the majority (23%) of the 
variance among main and interaction effects and significant at P = 0.0004.  The 
interaction effect of soil quality x fertilizer source was next in importance contributing 
4% of the total variation and significant at P = 0.0413.  Similarly, cultivar 378a 
responded with the main effect of fertilizer rate contributing 12% of the total variance 
and significant at P = 0.0003 and the soil quality x fertilizer source interaction accounting 
for 3% of the total variation and significant at P = 0.0393.  However, unlike cultivar 
3175, the 3-way interaction of soil quality x fertilizer source and fertilizer rate was 
significant at P = 0.0004 for the cultivar 378a and contributed 5% of the total variation.    
 
The main effect of fertilizer rate on SPAD was significant for both cultivars 
(Table 5.22).  The SPAD of both cultivars tended to incrementally increase with fertilizer 
rates.  For cultivar 3175, the 4x fertilizer rate had the greatest SPAD measurement of 
56.3, which was significantly greater than the 2x and 1x fertilizer rates which did not 
differ from each other (52.5 and 51.2, respectively).  Similarly, although less, SPAD of 
cultivar 378a measured 54.8 at the 4x fertilizer rate which again was significantly greater 
than the 2x and 1x fertilizer rates which did not differ from each other (52.2 vs. 50.7, 
respectively).  Overall, cultivar 3175 had greater SPAD readings, thus more chlorophyll 




For cultivar 3175, the SPAD of the SNS on enhanced or depleted soils did not 
statistically differ; however, all three SPAD were significantly greater than ONS on 
depleted soils (Table 5.23).  Although not statistically analyzed, ONS (SPAD = 49.1) and 
SNS (SPAD = 54.3) on depleted soils had 12% and 21% greater SPAD measurements, 
respectively, than the depleted control plots (SPAD = 43.0) without fertilizer.  Likewise, 
the ONS (SPAD = 54.3) and SNS (SPAD = 55.5) on enhanced soils had minor but 2% 
and 5% greater SPAD, respectively, than the enhanced control plots (SPAD = 53.0) 
without fertilizer.  The mean separation of SPAD with cultivar 378a was slightly more 
pronounced.  Both fertilizer sources responded the same statistically on enhanced soils, 
yet, were significantly greater with SNS on depleted soils which were also significantly 
greater than ONS on depleted soils.  Although not statistically analyzed, there was an 
apparent biological significance of the ONS (SPAD = 47.3) and SNS (SPAD = 51.9) on 
depleted soils, with 19% and 26% greater SPAD measurements, respectively, than the 
depleted control plots (SPAD = 38.2) without fertilizer.  Likewise, the ONS (SPAD = 
54.8) and SNS (SPAD = 56.3) on enhanced soils had 1% and 3% greater SPAD 
measurements, respectively, than the enhanced control plots (SPAD = 54.0) without 
fertilizer.  Essentially, both cultivars responded similarly with regard to SPAD 
measurements with the soil quality x fertilizer source interaction with cultivar 378a 
having slightly greater SPAD measurements on enhanced soils. 
 
SPAD measurements on depleted soils with ONS were the same at all three rates, 
whereas SNS had greater SPAD with the 2x and 4x rates vs. the 1x rate (Table 5.24).  
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Therefore on depleted soils, it took at least SNS 2x rate to increase SPAD.  With 
enhanced soils, all rates of ONS and SNS responded the same and offered no conclusive 
information.  Examining the biological trends though, the SPAD of the 4x ONS equaled 
the SPAD of the 4x SNS rate on enhanced soils.  Although not statistically analyzed, 
ONS at the 1x rate (SPAD=46.6) on depleted soils increased SPAD 18% compared to the 
depleted soil controls (SPAD=38.2).  Under enhanced soil conditions without fertilizer, 
SPAD increased with the 4x ONS (SPAD=56.8) to generate a 4% increase in SPAD, with 
no additional benefit in using SNS at any rate.  
 
Cull Yield.  A side-by-side 3-way ANOVA for each cultivar indicated that with 
total number of cull cobs/plot, error accounted for a majority of the variation, 76% and 
59% for cultivars 3175 and 378a, respectively (Table 5.25).  Considering that error 
accounted for so much of the variation for cultivar 3175, none of the main or interaction 
effects were significant.  However, the main effect of soil quality for cultivar 378a was 
significant at P = .0391 and contributed 8% of the variation and more importantly, the 
interaction of fertilizer source x fertilizer rate contributed 14% of the total variation and 
significant at P = .0313. Considering the pooling of fertilizer source and rate, enhanced 
soils produced more cull cobs/plot than depleted soils, 14.0 vs. 12.0, respectively, a 
difference of 14% (Table 5.26).  
 
Fertilizer source x rate interaction was the next important significant effect 
influencing cultivar 378a cull yield (Table 5.27).  There was no significant difference in 
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culls/plot with any SNS rate.  Actually, although not significant from a statistical 
standpoint, biologically, the 1x (14.6 cull cobs/plot) SNS rate produced 5% more cull 
cobs than the 4x (13.9 cull cobs/plot) SNS rate.  The 1x, 2x and 4x SNS rates produced 
33%, 26% and 30% more cull cobs/plot than the control plots (9.75 cull cobs/plot) 
without fertilizer, respectively.  There was no significant difference in cull yield between 
ONS at the 4x (14.6 cull cobs/plot) vs. 2x (12.6 cull cobs/plot) rate, nor was there a 
difference between the 1x (9.46 cull cobs/plot) and 2x (12.6 cull cobs/plot) rate, 
respectively; however, there was a significant difference between the 4x and 1 x rate.  
The 2x and 4x ONS rates produced 23% and 33% more cull cobs/plot than the control 
plots (9.75 cull cobs/plot) without fertilizer, respectively.  With the exception of ONS at 
the 1x rate, any fertilizer application regardless of type, led to an increase in cull 
cobs/plot when compared to the control plots without fertilizer.   
 
The second cull yield characteristic of interest was total cull weight/plot (Table 
5.28).  Error accounted for a majority of the variation for cultivars 3175 and 378a, 75% 
vs. 61%, respectively, and no other main or interactions effects were significant for 
cultivar 3175 due to the large error component.  Fertilizer source, however, was the only 
significant main effect for cultivar 378a, accounting for 8% of the total variation and 
significant at P = .0434.  Synthetic nitrogen solution fertilized plots produced 1.48 vs. 
1.24 kg/plot for ONS plots respectively, a difference of 16% (Table 5.29).  Although not 
statistically analyzed, control plots without fertilizer produced 1.01 kg/plot; 19% and 




 Of the two cull defect categories classified and recorded, only the total number of 
immature cobs/plot proved to be of any significance and further investigation. In a side-
by-side 3-way ANOVA for both cultivars, error accounted for 70% vs. 50% of the total 
variation for cultivars 3175 and 378a, respectively (Table 5.30).  Due to the large error 
component, no main or interaction effects were significant for cultivar 3175; however for 
cultivar 378a, the main effect of soil quality was significant at P = .0080 and contributed 
12% of the total variation, followed by the fertilizer source x rate interaction which 
contributed 15% to the total variation and significant at P = .0119.  Enhanced soil quality 
produced 10.6 vs. 8.3 immature cobs per plot for depleted soils, respectively, a difference 
of 22% (Table 5.31).  The fertilizer source x rate interaction indicated that ONS at the 1x 
rate was the only significantly different treatment with all other treatments responding the 
same (Table 5.32).  The interesting point in this table is that the 1x ONS rate actually 
produced less immature cobs/plot than the control plot without fertilizer. 
 
 Kernel Mineral Content.  Although cultivar 3175 was chosen as the superior 
yielding, it was still important from a research perspective to determine the nutritional 
qualities of both cultivars.  Mineral analysis was performed for both cultivars and pooled 
means of the influence of soil quality, fertilizer source and rate are presented separately 
for cultivars 3175 and 378a (Tables 5.33 and 5.34, respectively).  Considering ONS and 
SNS were elementally comparable, there was equal opportunity for both cultivars to 
sequester minerals.  All minerals in the pooled means tables listed above contained 
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significant differences for at least one main or interaction effect for both cultivars except 
for phosphorus and iron for cultivar 378a, with no significant main or interaction effects 
for sodium for either cultivar.     
 
 Kernel Nitrogen.  Fertilizer source significantly affected kernel N content. 
Nitrogen is essential in the composition of protein and is a vital element with plant 
mineral nutrition and the focus of the fertilizer source treatment (Table 5.35).  Error 
contributed a majority of the variation of 20% and 39% for cultivar 3175 and 378, a 
respectively.  Fertilizer source contributed 11% and 14% of the total variation and 
significant at P < 0.0001 and P = 0.0019 for cultivars 3175 and 378a, respectively.  Of 
special interest was the soil quality x fertilizer rate interaction, which contributed of 4% 
and 9% of the total variation and significant at P = 0.0436 and P = 0.0345 for cultivars 
3175 and 378a, a respectively.  With regard to fertilizer source, SNS increased kernel N 
more than ONS for both cultivars (Table 5.36). Cultivar 3175 contained 2.09% and 
1.96% N with SNS and ONS, respectively, a difference of 6%, with SNS producing 
kernels containing 15% more N, and ONS producing kernels containing 9% more N than 
control plots which contained 1.78 % N.  Pooled over fertilizer source, soil quality 
interacted with fertilizer rate; cultivar 3175 required the 4x rate to illicit a significant 
response, producing kernels containing 2.21% and 2.12% N on enhanced and depleted 
soils, respectively, a difference of 4% (Table 5.37).  Cultivar 378a responded similarly on 
depleted soils requiring the 4x rate with kernels containing 2.31% N, but on with 
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enhanced soils, N content did not differ with any fertilizer rates, with 1x rate containing 
2.24% N.   
 
 Kernel Phosphorus.  Fertilizer source significantly affected the composition of 
kernel P content. Error account for a majority of the variation with 49% and 64% 
attributed to cultivars 3175 and 378a, respectively (Table 5.38).  For cultivar 3175, soil 
quality contributed 18% of the total variation and was significant at P = 0.0016 and 
fertilizer source contributed 19% of the total variation and significant at P = 0.0011.  For 
soil quality, kernels on enhanced soils contained 0.36% P when compared to 0.34% P of 
enhanced soils, a difference of 6% (Table 5.39).  Fertilizer source yielded similarly with 
SNS producing kernels containing 0.36% P compared to 0.34% P of ONS with control 
plots containing 0.35% P (Table 5.40).  
 
Kernel Potassium.  Fertilizer source significantly affected the composition of 
kernel K content.  Kernel K content was minimally affected by the treatments with error 
accounting for 43% and 57% of the total variation for cultivars 3175 and 378a, 
respectively (Table 5.41).  Soil quality contributed 29% of the total variation and 
significant at P < 0.0001 and 17% of the total variation and significant at P = 0.0033 for 
cultivars 3175 and 378a, respectively.  Fertilizer source contributed 13% of the total 
variation and significant at P = 0.0030 for cultivar 3175 alone.  Both cultivars responded 
the same with regard to soil quality, both producing kernels containing 1.06% K on 
depleted soils and 1.00% K on enhanced soils, a difference of 6% (Table 5.42).  Fertilizer 
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source also contributed a minor amount of variation affecting K content (Table 5.43).  
Organic nitrogen solutions produced kernels that contained 1.01% K compared to 1.05% 
K for SNS, a difference of 4%.  Both fertilizer sources, however, did produce kernels 
containing 5% and 9% more K than the control kernels which contained 0.96% K. 
 
Kernel Calcium.  Fertilizer source was not a significant factor in the composition 
of kernel Ca content.  Kernel Ca content is important from a dietary standpoint, with 
error accounting for 35% and 40% of the total variation for cultivars 3175 and 378a, 
respectively.  The only significant main effect of interest was soil quality which 
contributed 48% of the total variation and significant at P < 0.0001 and 42% of the total 
variation and significant at P < 0.0001for cultivars 3175 and 378a, respectively (Table 
5.44).  Both cultivars responded the same to soil quality with depleted soils producing 
kernels containing 0.01% Ca compared to 0.02% Ca of enhanced soils a difference of 
50% (Table 5.45).  This figure is important due to the fact that soil analysis of the 
enhanced soils that contained 72% more calcium than depleted soils and although 
calcium is considered plant immobile, it was clear that enhanced soils increased kernel 
Ca content.  
 
Kernel Magnesium.  Fertilizer source was significant in the composition of kernel 
Mg content.  Error again accounted for a majority of the variation of 65% and 44% for 
cultivars 3175 and 378a, respectively (Table 5.46).  For cultivar 3175 the only significant 
main effect of interest was fertilizer source contributing 17% of the total variation and 
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significant at P = 0.0058.  For cultivar 378a, soil quality interacted with fertilizer source 
and contributed 11% of the total variation and significant at P = 0.0069.  For cultivar 
3175, SNS kernels contained 0.13% Mg compared to 0.12% Mg of ONS a difference of 
8% (Table 5.47).  Kernel Mg was the same on control plots and ONS plots.  For cultivar 
378a, soil quality interacted with fertilizer source, with Mg content for SNS on depleted 
soils significantly greatest Mg content at 0.15% than all other treatment combinations 
which were essential the same (Table 5.48).   
 
Kernel Sulfur.  Fertilizer source significantly affected kernel S content.  The 
majority of variation was due to error accounting for 52% and 43% for cultivars 3175 and 
378a, respectively (Table 5.49).  Once again soil quality contributed 6% of the variation 
and significant at P = 0.0009 and 17% and significant at P = 0.0009 for cultivars 3175 
and 378a, respectively.  The only other significant important main effect was with 
fertilizer source which contributed 6% of the total variation and significant of P = 0.0403.  
With soil quality, both cultivars responded similarly with 0.13% S and 0.14% S for 
depleted and enhanced soils, respectively. For cultivar 3175, there was a difference of 7% 
and 0.14% S and 0.16% S on depleted and enhanced soils, respectively, but for cultivar 
378a, a difference of 13% (Table 5.50).  Synthetic nitrogen solutions produced kernel S 
content of 0.16% compared to ONS of 0.15%, a difference of 6% (Table 5.51).  
 
Kernel Zinc.  Fertilizer source was not a significant factor in the composition of 
kernel Zn content.  Kernel Zn analysis showed that error accounted for a majority of the 
193 
 
variation of 32% and 33% for cultivars 3175 and 278a, respectively (Table 5.52).  Soil 
quality was the only statistically important main effect contributing 61% of the total 
variation and significant at P < 0.0001 and 62% and significant at P < 0.0001, for 
cultivars 3175 and 378a, respectively.  For 3175, depleted soils produced kernels with 
21.3 ppm Zn compared to 28.4 ppm Zn for enhanced soils, a difference of 25%, while 
378a on depleted soils produced kernels with 24.1 ppm Zn compared to 33.0 ppm Zn for 
enhanced soils, a difference of 27% (Table 5.53).  Although kernels on enhanced soils 
contained more Zn, soil analysis indicated enhanced soils contained 53% less Zn. 
 
Kernel Copper.  Fertilizer source significantly affected kernel Cu content.  Kernel 
Cu analysis indicated that the majority of the total variation of 65% and 54% for cultivars 
3175 and 378a, respectively (Table 5.54).  For cultivar 3175, soil quality contributed 8% 
of the total variation and significant at P = 0.0538, and fertilizer source also contributed 
8% of the total variation and significant at P = 0.0538.  For cultivar 378a, soil quality x 
fertilizer source interaction contributed 7% of the total variation and was significant at P 
= 0.0515. Fertilizer source interacted with fertilizer rate and contributed 11% of the total 
variation and significant at P = 0.0490.  Cultivar 3175, grown on depleted soils produced 
kernels containing 2.96 ppm Cu compared to 3.46 ppm Cu for enhanced soils, a 
difference of 14% (Table 5.55).  Cultivar 3175 grown with ONS produced kernels 
containing 2.96 ppm Cu compared to 3.46 ppm Cu of SNS, a difference of 14% (Table 
5.56).  In this scenario, ONS produced kernels that had 1% less Cu than the control plots.  
The influence of soil quality x fertilizer source interaction on cultivar 378a, although 
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significant, did not yield a wealth of information other than enhanced soil controls 
produced kernels containing 3.50 ppm Cu compared to 2.50 ppm Cu for depleted soils, a 
difference of 28% (Table 5.57).  There was no effect on CU with either ONS or SNS on 
enhanced soils; however, there was a slight increase in Cu content with ONS and SNS 
over the controls on depleted soils (2.75 vs. 3.42 ppm Cu, a difference of 9% and 27% for 
ONS and SNS, respectively).  Fertilizer source interacted with fertilizer rate for cultivar 
378a (Table 5.58).  Copper content slightly decreased incrementally with increasing rates 
of ONS but this was not significantly different. With SNS, the 2x rate significant 
increased with kernels containing 3.75 ppm Cu, a difference of 20% over the controls of 
3.00 ppm Cu. 
 
Kernel Manganese.  Fertilizer source significantly affected the composition of 
kernel Mn content.  Kernel Mn analysis indicated that error accounted for a large portion 
of the variation of 28% and 32% for cultivars 3175 and 378a, respectively (Table 5.59).  
For cultivar 3175, soil quality accounted for 38% of the variation and significant at P < 
0.0001 and the fertilizer source x rate interaction contributed 15% of the total variation 
and was significant at P = 0.0008.  For cultivar 378a, fertilizer rate contributed 7% of the 
total variation and was significant at P = 0.0420. Soil quality interacted with fertilizer 
source and contributed 11% of the total variation and was significant at P = 0.0020.  For 
cultivar 3175, kernel Mn on depleted soils contained 11.87 ppm Mn compared to 9.91 
ppm Mn on enhanced soils, a difference of 17% (Table 5.60).  For cultivar 3175,  
fertilizer source interacted with fertilizer rate on depleted soils, with Mn of 10.88 ppm 
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being the same with the ONS 1x and 2x rates  but decreasing to 9.63 ppm with the 4x 
rate, which was lower than the control Mn content of 11.25 ppm (Table 5.61).  For 
enhanced soils, 4x SNS rate Mn increased to 12.25 ppm, 8% more than controls.  For 
cultivar 378a, the 1x rate responded the same as the 4x; however, the 4x rate contained 
14.5 ppm kernel Mn, a difference of 12% more than the controls which contained 12.75 
ppm Mn (Table 5.62).  Soil quality interacted with fertilizer source with cultivar 378a, 
but there was no difference between fertilizer source on enhanced soils; however, SNS on 
depleted soils produced kernels containing 16.25 ppm Mn compared to 13.67 ppm Mn 
with ONS, a difference of 16% (Table 5.63).  Although not statistically analyzed, both 
fertilizer sources increased Mn content over the control plots (13.50 ppm Mn and 12.00 
ppm Mn for depleted and enhanced soils respectively).   
 
Kernel Iron.  Fertilizer source was significant in the composition of kernel Fe 
content.  Kernel Fe analysis showed statistical importance for cultivar 3175 with error 
accounting for a large majority of the variation of 63% (Table 5.64).  There were no 
statistically significant main or interaction effects for cultivar 378a, potentially due to the 
large error component of 73%.  For cultivar 3175, soil quality contributed 9% of the total 
variation and was significant at P = 0.0369 and fertilizer source contributed 8% of the 
total variation and was significant at P = 0.0520.  Depleted soils produced kernels 
containing 36.08ppm Fe compared to 32.67 ppm Fe, a difference of 9% (Table 5.65).  
Synthetic nitrogen solutions produced kernels containing 35.96 ppm Fe compared to 
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32.79 ppm Fe of the ONS, a difference of 9% (Table 5.66).  Although not statistically 
analyzed, ONS Fe content was less than 0.5% more than the control plots and SNS was  
9% more than control plots. 
 
Kernel Sodium.  Fertilizer source was not a significant factor in the composition 
of kernel Na content.  Kernel Na analysis did not indicate any significant main or 
interaction effects but only uncontrolled error accounting for a majority of the variance of 
48% and 71% for cultivars 3175 and 378a, respectively (Table 5.67).  Although not 
statistically analyzed, Na content of the soils were 14.4 and 37.2 kg·ha
-1
, for depleted and 
enhanced soils respectively, and even though enhanced soils had more than twice the Na 
content, this did not affect kernel Na.                    
 
Phenolic Acid.  Fertilizer source did not affect the composition of kernel phenolic 
acid content.   Spectrophotometric analysis of phenolic acid content was determined with 
Folin-Ciocalteu reagent and expressed as Gallic acid equivalents (GAE).  Similar to 
previous analyses, uncontrolled error accounted for 41% and 40% of the variance for 
cultivars 378a and 3175, respectively (Table 5.68).  Replication accounted for a major 
portion of the variance of 45% and 31% for cultivars 378a and 3175, respectively.  Of the 
main and interaction effects, only soil quality was significant, accounting for 7% of the 
total variance and significant at P = 0.0275% for cultivar 3175 and 19% of the total 
variance and significant at P = 0.0003.  Pooled over fertilizer source and rate, there was 





 GAE (Table 5.69).  Cultivar 378a grown on enhanced soils, 
however, contained 1.9 mg·g
-1
 GAE vs. 1.7 mg·g
-1
 GAE for cultivar 3175, a difference of 
11% between cultivars.  Enhanced soils increased phenolic acid content by 12% and 21% 
for cultivars 3175 and 378a, respectively.   
 
Carotenoid Analysis of Cultivar 3175.  Only the superior yielding cultivar could 
be analyzed because of high cost and limited funds. Fertilizer source was not a significant 
factor in the composition of kernel carotenoid content.   High performance liquid 
chromatographic analysis included the carotenoids, lutein, zeaxanthin and β-
cryptoxanthanin; uncontrolled error accounted for a majority of the variation of 46%, 
36% and 46%, respectively, for these carotenoids (Table 5.70).  For each carotenoid and 
similar to the phenolic acid analysis, soil quality was significant, contributing 22%, 32% 
and 28% of the total variation and significant at P = 0.0005, P < 0.0001 and P = 0.0001 
for lutein, zeaxanthin and β-cryptoxanthanin, respectively.  No other main or interaction 
effects were significant for zeaxanthin and β-cryptoxanthanin except fertilizer rate was 
significant for lutein, contributing 9% of the total variation and significant at P = 0.0533. 
With regard to soil quality and pooled over fertilizer source and rate, all three carotenoids 
were greater with depleted soils than enhanced soils (Table 5.71).  On depleted soils, 
carotenoid content was 0.99, 2.16 and 0.17 µg·g
-1
 for lutein, zeaxanthin and β-
cryptoxanthanin, respectively.  On enhanced soils, carotenoid content was 0.78, 1.50 and 
0.15 µg·g
-1
 for lutein, zeaxanthin and β-cryptoxanthanin, respectively.  Therefore, 
depleted soils contained 21%, 31% and 12% more carotenoids than enhanced soils for 
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lutein, zeaxanthin and β-cryptoxanthanin, respectively.  The main effect of fertilizer rate 
was significant for lutein (Table 5.72).  Pooled over soil quality and fertilizer source, 
lutein content for control plots without fertilizer contained 0.74 µg·g
-1
, increasing 
incrementally with increasing rates of fertilizer (0.81, 0.94 and 0.99 µg·g
-1
 for 1x, 2x and 
4x rates respectively), a difference of 8%, 21% and 25% respectively, over the control 
plots.  Therefore it required the 4x fertilizer rate of either ONS or SNS to illicit a 




  The objective of this experiment was to test the efficacy of different rates of a 
novel biologically derived organic N solutions (ONS) (amended with macro- and micro-
elements) and synthetic N solutions (SNS) (amended with macro- and micro-elements) 
on sweet corn (Zea mays L. convar. saccharata var. rugosa) grown in a conventional 
production system to determine if yield and quality (cob physical character, mineral 
content and phytochemicals) are comparable and acceptable to commercial standards.  In 
essence, the nutrient solutions only differed in N source, organic versus synthetic. Two 
sweet corn varieties were also studied to determine differential varietal effects on sweet 
corn. Sweet corn was selected because it has a very high need for nitrogen for optimal 
yields. The experiment was repeated on a depleted soil and a rich, enhanced soil to 
determine if fertility response differed by soil quality. A 4 factor analysis combining 
cultivar, soil quality, fertilizer source and rate, indicated that SNS at the 4x rate produced 
199 
 
the greatest yields on depleted soils followed by ONS at the 4x rate on enhanced soils.  
On enhanced soils, SNS at the 1x rate nearly equaled the 4x ONS rate.  Similar to before, 
the lowest yield was on depleted soils with ONS at the 1x rate which was still greater 
than the control plots in same soils without fertilizer.  Enhanced soil control plots without 
fertilizer produced greater yields than ONS 1x and 2x rates on depleted soils. At this 
point it was decided to perform a 3 factor ANOVA separately for each cultivar. Although 
cultivar 378a produced slightly longer and wider cob with more rows, the lower total 
number of cobs/ha than cultivar 3175 is what lead to cultivar 3175 being favored 
commercially.  It was decided to remove the inferior cultivar which would not be 
recommended commercially, but yet in side-by-side run separate cultivar analyses, 
determine if the ONS could improve yield of this inferior cultivar as well as the superior 
cultivar.  This analysis combined soil quality, fertilizer source and rate independently for 
each cultivar and SNS increased the mineral content for both cultivars.  Phenolic acid 
content mg·g
-1
 did not differ for either cultivar on depleted soils; however, cultivar 378a 
contained 11% more phenolic acid mg·g
-1 
on enhanced soils when compared to depleted 
soils.    
 
Because of cost limitations, carotenoid content was analyzed only for cultivar 
3175.  Unlike mineral and phenolic acid content, carotenoids were greater with depleted 
soils especially with higher fertilizer rates.  The carotenoids, lutein, zeaxanthin and β-





 The question arises why SNS produced higher yields with greater mineral content,  
yet phenolic acids and carotenoid content were relatively unaffected by fertilizer source.  
Although both fertilizer sources contained the same total N content, the ONS source also 
contained soluble organic N that was not immediately available for plant absorption and 
ONS availability still relied on further mineralization by soil microorganisms which 
potentially explain why ONS performed better on the enhanced soils.  Explaining the 
accumulation of other minerals, Oktem et al., (2010) found that increasing rates of N 
increased N content in sweet corn kernels allowing for greater accumulation of other 
minerals.  Cordea et al., (2010) found that accumulation of nitrate in sweet corn kernels 
was significantly influenced by available N in the soil and climatic conditions like 
rainfall, sunlight and temperature and was also genetically influenced.  The latter 
potentially explains the differences in mineral content among the two cultivars.   
  
 Explaining why phenolic acids were marginally greater in the enhanced soils vs. 
depleted soils, LeClere et al., (2007) found that phenolic compounds function in natural 
resistance of plants to insects, disease, and abiotic stresses with large differences in the 
abundance of these compounds between genetic backgrounds.  Considering insects, and 
disease were chemically controlled and the sweet corn did not experience these stress 
factors, abiotic stress factors like increased Na levels in the enhanced soils potentially 
increased phenolic acid content.  Although not documented in sweet corn, Al-Amier and 
Craker, (2007) found that increased salt stress in-vitro increased phenolic acid content in 
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spearmint (Mentha spicata) shoots.  In addition, Navarro et al., (2006) found total 
phenolic content increased with salinity level in red bell pepper (Capsicum annuum L.) 
fruits.  Carotenoids were unaffected by fertilizer source; however, similar to phenolic 
acids, carotenoids were affected by soil quality with greater kernel carotenoid occurring 
on depleted soils.  Carotenoid pigments in sweet corn are crucial in the photo protection 
of photosynthetic membranes and contribute to non-photochemical quenching (NPQ) of 
excitation energy, both of which are vital in plant environmental stress tolerance (Kopsell 
et al., 2011).   
  
 Although soil temperatures or reflectance was not measured in this study, 
previous evidence suggests that sandy soils have higher reflectance than organic soils 
(Shepherd and Walsh. 2002).  Sandy soils have a very high thermal conductivity, 
compared to organic soils that have an extremely low thermal conductivity that can be 
one-quarter that of sandy soils (Bonan, 2008).  The combination of increased soil 
temperatures, thermal conductivity and greater reflectance, potentially increased the 
ambient air temperatures within the canopy of the sweet corn in the depleted soils 
potentially creating an elevated microclimate within the canopy of the sweet corn.  One 
potential explanation was that increased levels of carotenoids on sandy soils may have 
been due to higher reflectance and soil temperatures initiating photo-protection and the 
NPQ of excitation energies within the sweet corn plants thus increasing kernel carotenoid 




 Lastly, explanation of the incremental increases of kernel lutein content with 
increasing rates of fertilizer, yet although not documented in sweet corn, Hochmuth et al., 
(1999) found increasing rates of N fertilizer increased lutein content quadratically  in 
carrots (Daucus carota subsp. sativus) with maximum levels achieved at 160 kg·ha
-1
.  
Kopsell et al., (2007) found that increasing rates of N fertilizer linearly increased lutein 
content in multiple lines of kale (Brassica oleracea L. (acephala group).  
 
 In conclusion, ONS fertilized sweet corn did not match the response of SNS with 
regard to yield, quality, and mineral, phenolic acid and carotenoid content.  In fact, SNS 
and ONS produced virtually identical amounts of phenolic acids and carotenoids with 
SNS producing greater mineral content than ONS.  Synthetic nitrogen solutions had 
greater yields and mineral content in general than ONS fertilized sweet corn and mineral 
content and phytochemicals were lower with ONS.  Although the control plots on 
depleted soils did not produce as many cobs as the 1x rate of either ONS or SNS 
fertilizers, it did produce 27,807 cobs·ha
-1
 which is comparable to, yet 9% less than the 
“commercial standard” of 30,875 cobs∙ha
-1
 (Schultheis, 1998).  More interesting was that 
the enhanced soil control plots produced the same amount of cobs/plot as the 1x ONS 
rates, which was 35,342 cobs·ha
-1
 or 13% more cobs·ha
-1
 than the commercial standard.  
Therefore, it was concluded that ONS and SNS yielded commercially acceptable yields 
and ONS‟s performance has commercial potential with future research modifications to 




The question arises specifically, why were yields lower in enhanced plots versus 
depleted?  This phenomenon could potentially be explained by the greater cation 
exchange capacity inherent in enhanced soils and the ability of greater CEC soils to bind 
nutrients making them temporarily unavailable.  Table 5.5 presents the yields in plots that 
were ONS and SNS fertilized; however, both the depleted and enhanced soils actually 
supported the production of “fair” cob yields apparently through utilization of native 
residual fertility to supply nutrients for cob production.  Table 5.1 presents the soil 
quality parameters, 3 years after soil cover cropping cultural systems with a sorghum-
sudangrass hybrid in an effort to either enhance or deplete indigenous soil fertility.  
Although there was no fertilizer applied to control plots in either the depleted soil or 
enhanced soil quality conditions, there were 17.8 and 21.5 cobs produced per control 
plot, respectively.  Soil quality conditions in both fields differed dramatically especially 
with greater CEC, OM and N since enhanced soils had more N, as well as much greater 
OM and CEC values.  Soils with greater OM and CEC have a greater ability to bind 
nutrients and prevent immediate availability and this could be one reason why the field 
with enhanced soil quality produced fewer marketable cobs with added fertilizer.  But in 
hindsight, corn grown on unfertilized enhanced plots produced more cobs than controls 




Fig. 5.1a.  Aerial view of Clemson Coastal Research and Education Center, Charleston, S.C. in spatial relation to historic 
downtown Charleston.  Photo courtesy 
©
2010 Google - Imagery
©
2010 DigitalGlobe, USDA Farm Service Agency, GeoEye, 




















Fig. 5.1b.  Aerial view of Clemson Coastal Research and Education Center, Charleston, 
S.C.  Photo courtesy 
©
2010 Google - Imagery
©
2010 DigitalGlobe, USDA Farm Service 
























Fig. 5.1c.  Expt. 5 test site; lat. 32°47‟37‟N, long 80°03‟54‟W showing two research field locations in relationship  
to soil profiles.  Photo courtesy 
©
2010 Google - Imagery
©
2010 DigitalGlobe, USDA Farm Service Agency,  






































 Fig. 5.2b.  Removal in depleted field of field biomass of mowed sorghum-sudangrass hybrid accomplished with a bucket 





 Fig. 5.3a.  Enhanced field planted with very vigorous sorghum-sudangrass hybrid plant growth.  
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Fig. 5.3b.  Wide angle picture and inset of the enhanced field showing the sorghum-sudangrass hybrid plant biomass remaining 
as a thick surface covering still present after mowing prior to disking and incorporation. 
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Fig. 5.4a.  Depleted field just prior to plastic mulch and drip tape application and 









Fig. 5.4b.  Enhanced field just prior to plastic mulch and drip tape application and 







Fig. 5.5a.  Chemilizer fertigation delivery system of organic and synthetic nitrogen solutions to test plots and an inset in upper 
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  Fig. 5.5b.  Illustration depicting location of fertigation pumps that controlled delivery of nutrient solutions to  








Table 5.1.  Mineral analysis of depleted and enhanced soil after three years of 















 soil) 4.4 12.0  
pH 6.7 6.5  
OM (g·kg
-1
) 4.0 46.0  
Nitrogen (kg·ha
-1
) 8.0 16.3  
Phosphorus (kg·ha
-1
) 255.6 281.2  
Potassium (kg·ha
-1
) 115.2 94.4  
Calcium (kg·ha
-1
) 1179.6 4277.6  
Magnesium (kg·ha
-1
) 199.2 166.0  
Zinc (kg·ha
-1
) 28.2 15.1  
Manganese (kg·ha
-1
) 20.4 32.8  
Copper (kg·ha
-1
) 4.3 1.3  
Boron (kg·ha
-1
) 0.1 0.7  
Sodium (kg·ha
-1
















































1x 84 25 50 4.7 
2x 168 25 50 4.7 




Table 5.3. Expt. 5 schedule of major events in 2009 growing season. 
________________________________________________________ 
Planting date Event Date 
________________________________________________________ 
Mar. Greenhouse seeded  6 Mar.  
 
Field transplanted 23 Mar.  
 
First fertigation 27 Mar.  
 
Last fertigation 15 May  
 
First harvest   1 June 
 
Second harvest   3 June 
____________________________________________________________ 
z 
Cover cropped with sorghum-sudangrass hybrid, mowed with  
biomass mechanically removed from the field for three  
consecutive years.  
y 
Cover cropped with sorghum-sudangrass hybrid, mowed with  
biomass mechanically incorporated into the soil for three  














Table 5.4.  Sources of variation in the analysis of variance of two sweet corn shQ 
cultivars, soil quality, fertilizer source and rate on marketable cobs/plot
 
and marketable 












Rep 68.2 4% 0.0743 2118033 2% 0.4364 
var
 z
 150.0 9% 0.0002 1337294 1% 0.1914 
fld
 y
 3.4 0% 0.5517 1231820 1% 0.2097 
sou
 x
 176.0 11% < .0001 9940595 9% 0.0006 
rate
 w
 204.0 13% < .0001 17727738 17% < .0001 
var*fld 20.2 1% 0.1482 227848 0% 0.5878 
var*sou 6.0 0% 0.4278 77311 0% 0.7520 
var*rate 54.6 3% 0.0622 2794463 3% 0.1699 
fld*sou 57.0 4% 0.0164 3489696 3% 0.0366 
fld*rate 56.4 3% 0.0567 4685760 4% 0.0538 
rate*sou 1.9 0% 0.9045 84244 0% 0.9467 
var*fld*sou 0.2 0% 0.8946 79 0% 0.9919 
fld*rate*sou 128.7 8% 0.0020 7061668 7% 0.0134 
var*rate*sou 23.7 1% 0.2913 1633078 2% 0.3510 
var*fld*rate 5.2 0% 0.7621 186905 0% 0.8857 
var*fld*rate*sou 15.8 1% 0.4378 440552 0% 0.7516 









 var = cultivar.
  
y 
fld = soil quality.
  
x
 sou = fertilizer source.
  
w















Table 5.5.   Influence of soil quality, fertilizer source and rate on two 
sweet corn shQ cultivars marketable number of cobs and total marketable 

















 Organic 1x 20.4  f
 x 
 4.58  d-f 
  
2x 20.6  ef 4.67  c-f 
  
4x 22.5  b-f 5.36  b-e 
 
Synthetic 1x 22.0  d-f 5.50  a-c 
  
2x 24.1  b-d 4.97  c-f 
  
4x 30.1  a 6.24  a 
Enhanced Organic 1x 21.5  d-f 4.23  f 
  
2x 22.3  c-f 4.54  e-f 
  
4x 25.5  b 5.31  b-e 
 
Synthetic 1x 25.3  bc 4.51  ef 
  
2x 23.5  b-e 5.44  a-d 
  
4x 24.0  b-d 5.89  ab 
___________________________________________________________ 
Depleted none n/a 17.8 3.17 
Enhanced none n/a 21.5 4.65 
___________________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil;  
Enhanced defined as: organic matter = 46 g·kg
-1 




1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1



















Table 5.6.  Sources of variation in the analysis of variance of two sweet corn 
shQ cultivars, soil quality, fertilizer source and rate on marketable cobs/plot
 
planted on 23 Mar. 2009. 
_______________________________________________________________ 












Rep 91.1 11% 0.0766 11.2 2% 0.6376 
fld
 z
 3.5 0% 0.5939 20.0 3% 0.0896 
rate
 y
 91.8 11% 0.0333 166.8 26% < .0001 
fld*rate 47.5 6% 0.1572 14.0 2% 0.3538 
sou
 x
 123.5 15% 0.0031 58.5 9% 0.0052 
fld*sou 31.7 4% 0.1157 25.5 4% 0.0567 
rate*sou 17.5 2% 0.4931 8.0 1% 0.5471 
fld*rate*sou 30.1 4% 0.3024 114.3 18% 0.0009 




CV 14.1  11.5  
_______________________________________________________________ 
z
 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x























Table 5.7.  Sources of variation in the analysis of variance of two sweet corn shQ 
cultivars, soil quality, fertilizer source and rate on total marketable cob weight/plot
 
planted on 23 Mar. 2009. 
______________________________________________________________________________ 
  Cultivar 3175 Cultivar 378a 
_______________________________________________________________ 










Rep 3656995 8% 0.1205 3533880 6% 0.2735 
fld
 z
 200053 0% 0.5621 1259615 2% 0.2372 
rate
 y
 8379236 18% 0.0026 12142965 21% 0.0030 
fld*rate 3356674 7% 0.0705 1515991 3% 0.4275 
sou
 x
 5885601 13% 0.0032 4132304 7% 0.0365 
fld*sou 1761494 4% 0.0916 1728281 3% 0.1679 
rate*sou 964849 2% 0.4462 752473 1% 0.6523 
fld*rate*sou 2559847 6% 0.1275 4942376 8% 0.0726 
Error 19250423 42%  28685198 49%  
______________________________________________________________________________ 
CV 14.6 18.7  
______________________________________________________________________________ 
z
 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x























Table 5.8.  Influence of fertilizer source on sweet corn shQ cultivars 3175 and 378a 
total marketable cobs/plot and total cob weight/plot, planted on 23 Mar. 2009 (pooled 
over soil quality and fertilizer rate). 
______________________________________________________________________ 
 













Organic 23.1  b
 z
 4.91  b 21.1  b 4.73  b 
Synthetic 26.5  a 5.62  a 23.3  a 5.33  a 
______________________________________________________________________ 
None 20.0 3.84 19.3 4.01 
______________________________________________________________________ 
z 
Mean separation within column by F test at P = 0.05.   
 
 
Table 5.9.  Influence of fertilizer rate on sweet corn shQ cultivar 3175 and 378a total 
marketable cobs/plot
 
and total cob weight/plot planted on 23 Mar. 2009 (pooled over 
soil quality and fertilizer source).  
______________________________________________________________________ 
 













1x 24.6  ab
 y
     5.01  b 20.0  c 4.42  b 
2x 23.1  b 4.83  b 22.1  b 5.03  ab 
4x 26.5  a 5.82  a 24.6  a 5.64  a 
______________________________________________________________________ 
None 20.0 3.84 19.3 4.01 
______________________________________________________________________ 
z
 1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1















Table 5.10.  Influence of soil quality, fertilizer source 
and rate on sweet corn shQ cultivar 378a on marketable 


















2x 19.5  ef 
  
4x 20.8  c-f 
 
Synthetic 1x 18.5  f 
  
2x 23.3  b-d 
  
4x 28.5  a 
Enhanced Organic 1x 19.8  d-f 
  
2x 21.5  c-f 
  
4x 26.3  ab 
 
Synthetic 1x 22.8  b-e 
  
2x 24.3  bc 
  
4x 22.8  b-e 
_____________________________________________ 
Depleted none n/a 16.8 
Enhanced none n/a 21.8 
_____________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil;   
Enhanced defined as: organic matter = 46 g·kg
-1 




1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1
 N; 4x = 336 kg·ha
-1
 N.  
x 
Mean separation within column by LSD at P = 0.05. 
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Table 5.11.  Sources of variation in the analysis of variance of two sweet corn 
shQ cultivars, soil quality, fertilizer source and rate on individual cob marketable 
weight planted on 23 Mar. 2009. 
_______________________________________________________________________ 
 












Rep 265.7 2% 0.6213 1198.6 14% 0.0468 
fld
 z
 1768.7 14% 0.0015 545.3 6% 0.0530 
rate
 y
 2754.9 22% 0.0006 652.4 8% 0.1054 
sou
 x
 398.9 3% 0.1105 890.8 10% 0.0150 
fld*rate 439.9 4% 0.2416 559.0 6% 0.1429 
fld*sou 497.0 4% 0.0762 100.6 1% 0.3947 
rate*sou 814.2 7% 0.0789 176.6 2% 0.5274 
fld*rate*sou 554.2 4% 0.1702 60.9 1% 0.7998 









 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x





Table 5.12.  Influence of soil quality on sweet corn shQ cultivars 
3175 and 378a on individual cob marketable weight planted on 
23 Mar. 2009 (pooled over fertilizer source and rate). 
____________________________________________________ 
 









Depleted 217.4  b
 y
 232.5  b 
Enhanced 229.7  a 239.2  a 
____________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




Mean separation within column by F test at P = 0.05. 
 
 
Table 5.13.  Influence of fertilizer rate on 
sweet corn shQ cultivar 3175 on individual cob 
marketable weight planted on 23 Mar. 2009 







1x 215.7  b
 y
      
2x 221.3  b     





1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1
















Table 5.14.  Influence of fertilizer source on sweet corn shQ 
cultivar 378a on individual cob marketable weight planted on 
23 Mar. 2009 (pooled over soil quality and fertilizer rate). 
__________________________________________________ 
Fertilizer source Marketable 
weight/cob (g) 
__________________________________________________ 
Organic 231.5  b
 z
 





Mean separation within column by F test at P = 0.05. 
 
 
Table 5.15.  Sources of variation in the analysis of variance of two sweet 
corn shQ cultivars, soil quality, fertilizer source and rate on marketable cob 
length planted on 23 Mar. 2009. 
______________________________________________________________ 
 












Rep 0.19 1% 0.9005 0.81 10% 0.0974 
fld 
z
 13.57 44% < .0001 2.07 25% 0.0002 
rate 
y
 0.91 3% 0.2704 0.74 9% 0.0575 
sou 
x
 1.10 4% 0.0788 0.08 1% 0.4069 
fld*rate 0.46 2% 0.5071 0.36 4% 0.2313 
fld*sou 1.07 4% 0.0828 0.16 2% 0.2547 
rate*sou 0.72 2% 0.3520 0.14 2% 0.5558 
fld*rate*sou 1.43 5% 0.1338 0.04 1% 0.8346 









 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x





Table 5.16.  Influence of soil quality on sweet corn shQ cultivars 
3175 and 378a on individual cob marketable length planted on 23 
Mar. 2009 (pooled over fertilizer source and rate). 
______________________________________________________ 
 











 18.6  b 
Enhanced 18.9  a 19.0  a 
______________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




Mean separation within column by F test at P = 0.05. 
 
 
Table 5.17.  Sources of variation in the analysis of variance of two sweet corn 
shQ cultivars, soil quality, fertilizer source and rate on marketable cob width 
planted on 23 Mar. 2009. 
______________________________________________________________________ 
 












Rep 0.0297 4% 0.6090 0.1350 18% 0.0143 
Fld 0.0025 0% 0.6952 0.1261 17% 0.0019 
Rate 0.0489 6% 0.2331 0.0220 3% 0.3804 
Sou 0.0248 3% 0.2231 0.0420 6% 0.0595 
fld*rate 0.0252 3% 0.4653 0.0211 3% 0.3954 
fld*sou 0.0255 3% 0.2168 0.0070 1% 0.4310 
rate*sou 0.0936 11% 0.0683 0.0183 2% 0.4447 
fld*rate*sou 0.0510 6% 0.2197 0.0068 1% 0.7362 









 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x





Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




Mean separation within column by F test at P = 0.05. 
 
 
Table 5.19.  Sources of variation in the analysis of variance of two sweet 
corn shQ cultivars, soil quality, fertilizer source and rate on marketable 
rows per cob planted on 23 Mar. 2009. 
___________________________________________________________________ 
 












Rep 0.45 2% 0.6956 3.56 13% 0.0853 
fld 
z
 6.69 35% < .0001 2.25 8% 0.0403 
rate 
y
 0.46 2% 0.4807 0.37 1% 0.6942 
sou 
x
 0.02 0% 0.8270 0.03 0% 0.8070 
fld*rate 0.34 2% 0.5850 1.15 4% 0.3245 
fld*sou 0.41 2% 0.2575 1.61 6% 0.0800 
rate*sou 0.29 2% 0.6295 1.12 4% 0.3360 
fld*rate*sou 0.29 2% 0.6295 0.20 1% 0.8165 







  ___________________________________________________________________ 
z
 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x
 sou = fertilizer source. 
 
Table 5.18.  Influence of soil quality on sweet corn shQ 
cultivar 378a on individual cob marketable width 






width /cob (cm) 
_____________________________________________ 
Depleted 4.5  a
 y
 




Table 5.20.  Influence of soil quality on sweet corn shQ cultivars 
3175 and 378a on marketable rows per cob planted on 23 Mar. 
2009 (pooled over fertilizer source and rate). 
______________________________________________________ 
 









Depleted 14.8  b
 y
 16.9  b 
Enhanced 15.5  a 17.3  a 
______________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




Mean separation within column by F test at P = 0.05. 
 
 
Table 5.21.  Sources of variation in the analysis of variance of two sweet corn 
shQ cultivars, soil quality, fertilizer source and rate on marketable corn ear leaf 
SPAD planted on 23 Mar. 2009. 
_________________________________________________________________ 
 
Cultivar 3175 Cultivar 378a 
___________________________________________________ 










Rep 41.75 4% 0.3255 68.49 6% 0.0234 
fld
 z
 116.60 12% 0.0033 415.01 38% < .0001 
rate
 y
 228.25 23% 0.0004 134.25 12% 0.0003 
sou
 x
 113.14 11% 0.0037 112.42 10% 0.0002 
fld*rate 30.49 3% 0.2827 47.32 4% 0.0345 
fld*sou 52.34 5% 0.0413 29.17 3% 0.0393 
rate*sou 19.66 2% 0.4379 25.17 2% 0.1531 
fld*rate*sou 6.74 1% 0.7501 55.55 5% 0.0204 









 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x
 sou = fertilizer source.
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Table 5.22.  Influence of fertilizer rate on sweet corn shQ cultivars 
3175 and 378a on marketable corn ear leaf SPAD planted on 23 Mar. 
2009 (pooled over soil quality and fertilizer source). 
_________________________________________________________ 
 




 Corn ear leaf 
SPAD 
Corn ear leaf 
SPAD 
_________________________________________________________ 
1x 51.2  b
 y
     50.7  b     
2x 52.5  b     52.2  b     
4x 56.3  a      54.8  a     
_________________________________________________________ 
None 48.0 46.3 
_________________________________________________________ 
z
 1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1




 Mean separation within column by LSD at P = 0.05. 
 
 
Table 5.23.  Influence of soil quality and fertilizer source on sweet 
corn shQ cultivars 3175 and 378a on marketable corn ear leaf SPAD 











Cultivar 3175 Cultivar 378a 
_____________________________ 
Corn ear leaf 
SPAD 
Corn ear leaf 
SPAD 
________________________________________________________ 
Depleted Organic 49.1  b 
y
     47.3  c     
 
Synthetic 54.3  a      51.9  b      
Enhanced Organic 54.3  a      54.8  a 
 
Synthetic 55.5  a      56.3  a       
________________________________________________________ 
Depleted none 43.0 38.2 
Enhanced none 53.0 54.4 
________________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 










Table 5.24.  Influence of soil quality, fertilizer source 
and rate on sweet corn shQ cultivar 378a corn ear leaf 

















2x 46.2  c 
  
4x 49.2  c 
 
Synthetic 1x 46.3  c 
  
2x 53.1  b 
  
4x 56.4  ab 
Enhanced Organic 1x 53.8  ab 
  
2x 53.7  ab 
  
4x 56.8  a 
 
Synthetic 1x 56.3  ab 
  
2x 55.7  ab 
  
4x 56.8  a 
_____________________________________________ 
Depleted none n/a 38.2 
Enhanced none n/a 54.4 
_____________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




 1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1






















Table 5.25.  Sources of variation in the analysis of variance of two sweet corn 
shQ cultivars, soil quality, fertilizer source and rate on total number of cull 
cobs/plot planted on 23 Mar. 2009. 
_______________________________________________________________ 
 












Rep 9.8 2% 0.8334 30.4 5% 0.4162 
fld
 z
 3.0 1% 0.6093 48.0 8% 0.0391 
rate
 y
 19.5 4% 0.4302 41.2 7% 0.1542 
sou
 x
 24.1 5% 0.1532 33.3 6% 0.0825 
fld*rate 46.5 9% 0.1430 3.5 1% 0.8458 
fld*sou 5.3 1% 0.4962 2.1 0% 0.6573 
rate*sou 0.7 0% 0.9709 80.2 14% 0.0313 
fld*rate*sou 10.7 2% 0.6270 2.2 0% 0.9013 









 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x




Table 5.26.  Influence of soil quality on sweet corn 
shQ cultivar 378a total number of cull cobs/plot 





 Cull cobs/plot 
__________________________________________ 
Depleted 12.0  b
 y
 
Enhanced 14.0  a 
__________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 









Table 5.27.  Influence of fertilizer source and rate on 
sweet corn shQ cultivar 378a total number of cull 











Organic 1x   9.4  b
 y
        
 
2x 12.6  ab 
 
4x 14.6  a      
Synthetic 1x 14.6  a      
 
2x 13.1  a 
 
4x 13.9  a      
_______________________________________________ 
None n/a 9.75 
_______________________________________________ 
z
 1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1
































Table 5.28.  Sources of variation in the analysis of variance of two sweet 
corn shQ cultivars, soil quality, fertilizer source and rate on total cull cob 
weight/plot planted on 23 Mar. 2009. 
_____________________________________________________________ 
 
Cultivar 3175 Cultivar 378a 
_______________________________________________ 










Rep 73943 1% 0.9305 743323 9% 0.1917 
fld
 z
 54426 1% 0.5719 512430 6% 0.0718 
rate
 y
 538777 7% 0.2146 416663 5% 0.2592 
sou
 x
 293829 4% 0.1938 653543 8% 0.0434 
fld*rate 698358 9% 0.1396 12825 0% 0.9577 
fld*sou 14711 0% 0.7685 67283 1% 0.5050 
rate*sou 80114 1% 0.7881 671621 8% 0.1195 
fld*rate*sou 96724 1% 0.7504 37147 0% 0.8825 







  _____________________________________________________________ 
z
 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x
 sou = fertilizer source. 
  
 
Table 5.29.  Influence of fertilizer source on sweet corn shQ 
cultivar 378a total cull cob weight/plot planted 23 Mar. 




 Cull cob  
weight/plot (kg) 
________________________________________________ 
Organic 1.24  b
  z 
    
Synthetic 1.48  a   
________________________________________________ 
none 1.01     
________________________________________________ 
z 




Table 5.30.  Sources of variation in the analysis of variance of two 
sweet corn shQ cultivars, soil quality, fertilizer source and rate on 
number of immature cull cobs/plot planted on 23 Mar. 2009. 
__________________________________________________________ 
 














rep 5.23 3% 0.7367 14.92 3% 0.6155 
fld
 z
 6.02 3% 0.2346 65.33 12% 0.0080 
rate
 y
 2.04 1% 0.7814 55.79 10% 0.0454 
sou
 x
 7.52 4% 0.1852 5.33 1% 0.4257 
fld*rate 4.29 2% 0.5978 5.54 1% 0.7157 
fld*sou 11.02 6% 0.1109 6.75 1% 0.3708 
rate*sou 5.79 3% 0.5013 83.29 15% 0.0119 
fld*rate*sou 17.04 9% 0.1416 36.38 7% 0.1248 









 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x




Table 5.31.  Influence of soil quality sweet corn shQ 
cultivar 378a total immature cull cobs/plot planted 23 Mar. 




 Cull immature 
cobs/plot 
________________________________________________ 
Depleted   8.3  b
 y
 
Enhanced 10.6  a 
________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 








Table 5.32.  Influence of fertilizer source and rate on 
sweet corn shQ cultivar 378a total immature cull 
cobs/plot planted 23 Mar. 2009 (pooled over soil quality). 
______________________________________________ 
Fertilizer source  Fertilizer rate
 z
 Cull immature 
cobs/plot 
______________________________________________ 
Organic 1x   5.9  b
 y
       
 
2x 10.4  a        
 
4x 11.1  a        
Synthetic 1x 10.3  a        
 
2x   8.9  a        
 
4x 10.3  a        
______________________________________________ 
none n/a 6.5 
______________________________________________ 
z
 1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1




 Mean separation within column by LSD at P = 0.05. 
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Table 5.33.  Pooled means table of the influence of soil quality, fertilizer source and fertilizer rate on total mean kernel 



































Depleted Organic 1x 1.71 0.34 1.03 0.02 0.12 0.13 20.25 2.50 12.00 36.25 82.00 
  
2x 1.85 0.33 1.04 0.01 0.13 0.14 22.00 2.50 12.00 37.00 64.75 
  
4x 2.05 0.31 1.05 0.01 0.12 0.13 19.25 2.50 10.25 32.50 63.75 
 
Synthetic 1x 1.83 0.37 1.08 0.01 0.13 0.14 21.75 3.00 12.25 39.25 53.00 
  
2x 2.01 0.34 1.05 0.01 0.13 0.14 22.00 3.50 11.75 36.25 61.25 
  
4x 2.31 0.33 1.12 0.01 0.13 0.15 22.25 3.75 13.00 35.25 53.00 
____________________________________________________________________________________________________ 
Enhanced Organic 1x 1.94 0.34 0.97 0.02 0.12 0.14 28.00 3.50 9.75 29.25 67.00 
  
2x 2.06 0.35 1.01 0.02 0.12 0.14 27.75 4.00 9.75 29.00 61.25 
  
4x 2.19 0.34 0.99 0.02 0.12 0.14 27.75 2.75 9.00 32.75 58.50 
 
Synthetic 1x 2.04 0.36 1.01 0.02 0.12 0.14 29.00 3.50 9.25 38.00 68.75 
  
2x 2.14 0.38 1.04 0.02 0.13 0.14 29.50 3.50 10.25 33.00 67.00 
  
4x 2.24 0.36 1.00 0.02 0.13 0.15 28.50 3.50 11.50 34.00 47.50 
____________________________________________________________________________________________________ 
Depleted none n/a 1.63 0.34 0.97 0.01 0.12 0.14 23.25 2.75 12.25 36.75 60.50 
Enhanced none n/a 1.94 0.35 0.96 0.02 0.12 0.14 28.25 3.25 10.25 28.75 59.00 
____________________________________________________________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




 1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1








Table 5.34.  Pooled means table of the influence of soil quality, fertilizer source and fertilizer rate on total mean kernel 



































Depleted Organic 1x 2.05 0.36 1.06 0.01 0.14 0.14 23.75 3.00 14.75 37.00 59.00 
  
2x 2.04 0.34 1.00 0.01 0.12 0.13 22.50 2.50 12.00 40.50 71.50 
  
4x 2.21 0.36 1.06 0.01 0.14 0.14 23.50 2.75 14.25 39.00 56.00 
 
Synthetic 1x 2.01 0.36 1.03 0.01 0.14 0.14 25.00 2.75 15.25 39.00 46.00 
  
2x 2.23 0.37 1.07 0.02 0.15 0.15 25.75 3.75 16.50 46.00 60.00 
  
4x 2.41 0.35 1.12 0.02 0.16 0.16 24.00 3.75 17.00 43.75 63.75 
____________________________________________________________________________________________________ 
Enhanced Organic 1x 2.13 0.36 0.98 0.02 0.13 0.15 32.75 3.50 12.25 28.00 61.50 
  
2x 2.13 0.37 0.99 0.02 0.14 0.15 33.50 3.75 12.25 76.25 70.50 
  
4x 2.24 0.38 1.01 0.02 0.14 0.16 34.00 3.25 13.50 33.75 70.50 
 
Synthetic 1x 2.34 0.37 0.99 0.02 0.14 0.15 32.50 2.75 12.00 32.25 59.50 
  
2x 2.20 0.38 1.00 0.02 0.14 0.15 32.00 3.75 11.75 30.00 68.00 
  
4x 2.33 0.38 1.03 0.02 0.14 0.16 33.25 3.50 13.25 32.50 69.25 
____________________________________________________________________________________________________ 
Depleted none n/a 1.80 0.34 1.02 0.01 0.13 0.14 26.00 2.50 13.50 39.25 66.75 
Enhanced none n/a 2.22 0.37 1.01 0.02 0.13 0.15 32.50 3.50 12.00 31.00 72.25 
____________________________________________________________________________________________________ 
z
 Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




 1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1






Table 5.35.  Sources of variation in the analysis of variance of two sweet 
corn shQ cultivars, soil quality, fertilizer source and rate on marketable cob 
kernel percent nitrogen (N) planted on 23 Mar. 2009.  
_____________________________________________________________ 
 
Cultivar 3175 Cultivar 378a 
______________________________________________ 










rep 0.02 1% 0.5246 0.09 7% 0.1509 
fld
 z
 0.24 13% < .0001 0.06 5% 0.0520 
rate
 y
 0.82 46% < .0001 0.26 20% 0.0012 
sou
 x
 0.20 11% < .0001 0.19 14% 0.0019 
fld*rate 0.07 4% 0.0436 0.12 9% 0.0345 
fld*sou 0.03 2% 0.0925 0.00 0% 0.9726 
rate*sou 0.00 0% 0.8008 0.01 1% 0.8048 
fld*rate*sou 0.02 1% 0.3654 0.09 7% 0.0785 









 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x
 sou = fertilizer source. 
 
 
Table 5.36.  Influence of fertilizer source on sweet corn shQ 
cultivars 3175 and 378a marketable cob kernel percent nitrogen (N) 
planted 23 Mar. 2009 (pooled over soil quality and fertilizer rate).  
_______________________________________________________ 
 Cultivar 3175 Cultivar  378a 
_________________________________ 
Fertilizer source Kernel N Kernel N  
_______________________________________________________ 
Organic 1.96  b
 y
 2.13  b 
Synthetic 2.09  a 2.25  a 
_______________________________________________________ 
none 1.78 2.01 
_______________________________________________________ 
y 
Mean separation within column by F test at P = 0.05. 
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Table 5.37.  Influence of soil quality and fertilizer rate on sweet corn 
shQ cultivars 3175 and 378a marketable cob kernel percent nitrogen (N) 
planted 23 Mar. 2009 (pooled over fertilizer source).  
__________________________________________________________ 
  








Kernel N Kernel N 
__________________________________________________________ 
Depleted 1x 1.77  d 
x
         2.03  d          
 
2x 1.93  c          2.13  cd         
 
4x 2.12  ab         2.31  a          
Enhanced 1x 1.99  c        2.24  a-c        
 
2x 2.10  b          2.17  bc         
 
4x 2.21  a          2.23  ab         
__________________________________________________________ 
Depleted n/a 1.63 1.80 
Enhanced n/a 1.94 2.22 
__________________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




 1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1


























Table 5.38.  Sources of variation in the analysis of variance of two sweet 
corn shQ cultivars, soil quality, fertilizer source and rate on marketable 
cob kernel percent phosphorus (P) planted on 23 Mar. 2009. 
__________________________________________________________ 
 
Cultivar 3175 Cultivar 378a 
______________________________________________ 










rep 0.002 6% 0.0204 0.005 17% 0.0533 
fld
 z
 0.005 18% 0.0016 0.002 7% 0.0662 
rate
 y
 0.001 4% 0.0864 0.000 1% 0.8677 
sou
 x
 0.005 19% 0.0011 0.001 1% 0.3940 
fld*rate 0.001 4% 0.0864 0.001 2% 0.5511 
fld*sou 0.000 0% 0.7759 0.000 0% 0.7752 
rate*sou 0.000 0% 0.8027 0.002 5% 0.2801 
fld*rate*sou 0.000 1% 0.5268 0.001 3% 0.5236 





   
6.9 
  __________________________________________________________ 
z
 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x
 sou = fertilizer source.  
 
 
Table 5.39.  Influence of soil quality on sweet corn shQ 
cultivars 3175 marketable cob kernel percent phosphorus 
(P) planted 23 Mar. 2009 (pooled over fertilizer source 




 Kernel P 
______________________________________________ 
Depleted 0.34  b
 y
 
Enhanced 0.36  a 
______________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 









Table 5.40.  Influence of fertilizer source on sweet corn 
shQ cultivar 3175 marketable cob kernel percent 
phosphorus (P) planted 23 Mar. 2009 (pooled over soil 




 Kernel P 
________________________________________________ 
Organic 0.34  b
 z
 





Mean separation within column by F test at P = 0.05. 
 
 
Table 5.41.  Sources of variation in the analysis of variance of two 
sweet corn shQ cultivars, soil quality, fertilizer source and rate on 
marketable cob kernel percent potassium (K) planted on 23 Mar. 2009. 
_________________________________________________________ 
 
Cultivar 3175 Cultivar 378a 
_____________________________________________ 
Source Kernel K  (%) 
total 




rep 0.002 1% 0.8001 0.018 8% 0.2247 
fld
 z
 0.038 29% < .0001 0.039 17% 0.0033 
rate
 y
 0.003 2% 0.4725 0.017 8% 0.1286 
sou
 x
 0.017 13% 0.0030 0.006 3% 0.2181 
fld*rate 0.010 8% 0.0664 0.002 1% 0.7750 
fld*sou 0.001 0% 0.5537 0.002 1% 0.4903 
rate*sou 0.002 1% 0.6294 0.007 3% 0.4214 
fld*rate*sou 0.003 3% 0.3718 0.007 3% 0.4086 









 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x




Table 5.42.  Influence of soil quality on sweet corn shQ cultivars 3175 
and 378a marketable cob kernel percent potassium (K) planted 23 Mar. 
2009 (pooled over fertilizer source and rate).  
_________________________________________________________ 
 




 Kernel K Kernel K 
_________________________________________________________ 
Depleted 1.06  b
 y
 1.06  b 
Enhanced 1.00  a 1.00  a 
_________________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




Mean separation within column by F test at P = 0.05.  
 
 
Table 5.43.  Influence of soil quality on sweet corn shQ 
cultivar 3175 marketable cob kernel percent potassium (K) 
planted 23 Mar. 2009 (pooled over soil quality and 
fertilizer rate). 
________________________________________________ 
Fertilizer source Kernel K 
________________________________________________ 
Organic 1.01  b
 z
 





















Table 5.44.  Sources of variation in the analysis of variance of two 
sweet corn shQ cultivars, soil quality, fertilizer source and rate on 
marketable cob kernel percent calcium (Ca) planted on 23 Mar. 2009. 
__________________________________________________________ 
 
Cultivar 3175 Cultivar 378a 
______________________________________________ 











rep 0.0001 5% 0.2453 0.0001 7% 0.1252 
fld
 z
 0.0008 48% < .0001 0.0006 42% < .0001 
rate
 y
 0.0001 3% 0.2392 0.0000 1% 0.6986 
sou
 x
 0.0000 1% 0.2974 0.0001 4% 0.0915 
fld*rate 0.0000 1% 0.6122 0.0000 2% 0.4382 
fld*sou 0.0001 3% 0.0869 0.0000 1% 0.3045 
rate*sou 0.0001 3% 0.2392 0.0000 2% 0.4382 
fld*rate*sou 0.0000 1% 0.6122 0.0000 1% 0.6986 









 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x
 sou = fertilizer source.   
 
 
Table 5.45.  Influence of soil quality on sweet corn shQ cultivars 3175 
and 378a marketable cob kernel percent calcium (Ca) planted 23 Mar. 
2009 (pooled over fertilizer source and rate). 
________________________________________________________ 
 




 Kernel Ca Kernel Ca 
________________________________________________________ 
Depleted 0.01  b
 y
 0.01  b 
Enhanced 0.02  a 0.02  a 
________________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




Mean separation within column by F test at P = 0.05. 
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Table 5.46.  Sources of variation in the analysis of variance of two sweet 
corn shQ cultivars, soil quality, fertilizer source and rate on marketable 
cob kernel percent magnesium (Mg) planted on 23 Mar. 2009. 
____________________________________________________________ 
 
Cultivar 3175 Cultivar 378a 
________________________________________________ 
Source Kernel Mg  (%) 
total 




rep 0.0002 5% 0.4455 0.0006 10% 0.0897 
fld
 z
 0.0001 3% 0.2333 0.0003 4% 0.1045 
rate
 y
 0.0000 0% 0.8870 0.0005 7% 0.0929 
sou
 x
 0.0006 17% 0.0058 0.0008 11% 0.0069 
fld*rate 0.0001 3% 0.4398 0.0002 3% 0.3357 
fld*sou 0.0000 0% 0.8634 0.0008 11% 0.0069 
rate*sou 0.0001 3% 0.4398 0.0001 2% 0.4971 
fld*rate*sou 0.0001 2% 0.6222 0.0006 8% 0.0602 





   
6.9 
  ____________________________________________________________ 
z
 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x
 sou = fertilizer source. 
 
 
Table 5.47.  Influence of fertilizer source on sweet corn shQ 
cultivar 3175 marketable cob kernel percent magnesium (Mg) 
planted 23 Mar. 2009 (pooled over soil quality and fertilizer rate). 
______________________________________________________ 
Fertilizer source Kernel Mg 
______________________________________________________ 
Organic 0.12  b
 z
 










Table 5.48.  Influence of soil quality and fertilizer source on 
sweet corn shQ cultivar 378a marketable cob kernel percent 





 Fertilizer source Kernel Mg 
_____________________________________________________ 
Depleted Organic 0.13  b
 y
        
 
Synthetic 0.15  a         
Enhanced Organic 0.14  b        
 
Synthetic 0.14  b        
_____________________________________________________ 
Depleted none 0.13 
Enhanced none 0.13 
_____________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 
































Table 5.49.  Sources of variation in the analysis of variance of two sweet 
corn shQ cultivars, soil quality, fertilizer source and rate on marketable 
cob kernel percent sulfur (S) planted on 23 Mar. 2009. 
___________________________________________________________ 
 
Cultivar 3175 Cultivar 378a 
______________________________________________ 
Source Kernel S  (%) 
total 




rep 0.0011 23% 0.0071 0.0011 16% 0.0121 
fld
 z
 0.0003 6% 0.0538 0.0012 17% 0.0009 
rate
 y
 0.0002 3% 0.3788 0.0005 7% 0.0807 
sou
 x
 0.0002 4% 0.1050 0.0004 6% 0.0403 
fld*rate 0.0001 1% 0.7189 0.0000 0% 0.9328 
fld*sou 0.0000 1% 0.5096 0.0003 4% 0.0764 
rate*sou 0.0002 5% 0.2504 0.0002 2% 0.4325 
fld*rate*sou 0.0002 5% 0.2504 0.0003 4% 0.2459 





   
6.4 
  ___________________________________________________________ 
z
 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x




Table 5.50.  Influence of soil quality on sweet corn shQ cultivars 3175 
and 378a marketable cob kernel percent sulfur (S) planted 23 Mar. 
2009 (pooled over fertilizer source and rate). 
_________________________________________________________ 
 




 Kernel S Kernel S 
_________________________________________________________ 
Depleted 0.13  b
 y
 0.14  b 
Enhanced 0.14  a 0.16  a 
_________________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




Mean separation within column by F test at P = 0.05. 
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Table 5.51.  Influence of fertilizer source on sweet corn shQ cultivar 
378a marketable cob kernel percent sulfur (S) planted 23 Mar. 2009 
(pooled over soil quality and fertilizer rate). 
_______________________________________________________ 
Fertilizer source Kernel S 
_______________________________________________________ 
Organic 0.15  b
 z
 





 Mean separation within column by F test at P = 0.05. 
 
 
 Table 5.52.  Sources of variation in the analysis of variance of two 
sweet corn shQ cultivars, soil quality, fertilizer source and rate on 
marketable cob kernel ppm zinc (Zn) planted on 23 Mar. 2009. 
__________________________________________________________ 
 
Cultivar 3175 Cultivar 378a 
______________________________________________ 
Source Kernel Zn  (%) 
total 




rep 25.5 3% 0.4831 63.4 4% 0.2563 
fld
 z
 616.3 61% < .0001 954.1 62% < .0001 
rate
 y
 6.3 1% 0.7356 0.5 0% 0.9821 
sou
 x
 21.3 2% 0.1566 2.1 0% 0.7114 
fld*rate 1.8 0% 0.9158 5.8 0% 0.8249 
fld*sou 0.3 0% 0.8573 18.8 1% 0.2710 
rate*sou 2.0 0% 0.9046 2.0 0% 0.9342 
fld*rate*sou 8.0 1% 0.6761 7.6 0% 0.7765 









 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x





Table 5.53.  Influence of soil quality on sweet corn shQ cultivars 3175 and 378a 
marketable cob kernel ppm zinc (Zn) planted 23 Mar. 2009 (pooled over 
fertilizer source and rate). 
________________________________________________________________ 
 




 Kernel Zn Kernel Zn 
________________________________________________________________ 
Depleted 21.3  b
 y
 24.1  b 
Enhanced 28.4  a 33.0  a 
________________________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




 Mean separation within column by F test at P = 0.05.   
 
 
Table 5.54.  Sources of variation in the analysis of variance of two sweet 
corn shQ cultivars, soil quality, fertilizer source and rate on marketable 
cob kernel ppm copper (Cu) planted on 23 Mar. 2009. 
___________________________________________________________ 
 
Cultivar 3175 Cultivar 378a 
___________________________________________________________ 
Source Kernel Cu  (%) 
total 




rep 0.8 2% 0.8013 4.2 13% 0.0600 
fld
 z
 3.0 8% 0.0538 1.3 4% 0.1155 
rate
 y
 0.7 2% 0.6450 1.6 5% 0.2186 
sou
 x
 3.0 8% 0.0538 0.8 2% 0.2339 
fld*rate 1.5 4% 0.3788 0.5 2% 0.5930 
fld*sou 2.1 5% 0.1050 2.1 7% 0.0515 
rate*sou 1.5 4% 0.3788 3.4 11% 0.0490 
fld*rate*sou 0.7 2% 0.6450 0.3 1% 0.7532 









 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x
 sou = fertilizer source. 
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Table 5.55.  Influence of soil quality on sweet corn shQ cultivar 3175 
marketable cob kernel ppm copper (Cu) planted 23 Mar. 2009 (pooled 




 Kernel Cu 
________________________________________________________ 
Depleted 2.96  b
 y
 
Enhanced 3.46  a 
________________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




 Mean separation within column by F test at P = 0.05.   
 
 
Table 5.56.  Influence of fertilizer source on sweet corn shQ 
cultivar 3175 marketable cob kernel ppm copper (Cu) planted 23 
Mar. 2009 (pooled over soil quality and fertilizer rate). 
______________________________________________________ 
Fertilizer source Kernel Cu 
______________________________________________________ 
Organic 2.96  b
 y
 
























Table 5.57.  Influence of soil quality and fertilizer source on sweet corn shQ 
cultivar 378a marketable cob kernel ppm copper (Cu) planted 23 Mar. 2009 




 Fertilizer source Kernel Cu 
_____________________________________________________________ 
Depleted Organic 2.75  b 
y
      
 
Synthetic 3.42  a       
Enhanced Organic 3.50  a        
 
Synthetic 3.33  ab   
_____________________________________________________________ 
Depleted none 2.50 
Enhanced none 3.50 
_____________________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




Mean separation within column by LSD at P = 0.05.   
 
 
Table 5.58.  Influence of fertilizer source and rate on sweet corn shQ cultivar 
378a marketable cob kernel ppm copper (Cu) planted 23 Mar. 2009 (pooled 
over soil quality). 
______________________________________________________________ 
Fertilizer source  Fertilizer rate
 z
 Kernel Cu 
______________________________________________________________ 




2x 3.13  a-c       
 
4x 3.00  bc       
Synthetic 1x 2.75  c        
 
2x 3.75  a        
 
4x 3.63  ab       
______________________________________________________________ 
none n/a 3.00 
______________________________________________________________ 
z
 1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1













Table 5.59.  Sources of variation in the analysis of variance of two sweet 
corn shQ cultivars, soil quality, fertilizer source and rate on marketable 
cob kernel ppm manganese (Mn) planted on 23 Mar. 2009. 
____________________________________________________________ 
 
Cultivar 3175 Cultivar 378a 
____________________________________________________________ 
Source Kernel Mn  (%) 
total 




rep 8.2 7% 0.0642 10.7 5% 0.2119 
fld
 z
 46.0 38% < .0001 72.5 31% < .0001 
rate
 y
 0.2 0% 0.9225 15.8 7% 0.0420 
sou
 x
 9.2 8% 0.0053 15.2 7% 0.0141 
fld*rate 3.2 3% 0.2303 1.0 0% 0.7953 
fld*sou 0.1 0% 0.8878 25.5 11% 0.0020 
rate*sou 18.5 15% 0.0008 7.1 3% 0.2217 
fld*rate*sou 1.2 1% 0.5733 9.0 4% 0.1511 









 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x




Table 5.60.  Influence of soil quality on sweet corn shQ cultivar 
3175 marketable cob kernel ppm manganese (Mn) planted 23 Mar. 




 Kernel Mn 
_______________________________________________________ 
Depleted 11.87  a
 y
 
Enhanced   9.91  b 
_______________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




Mean separation within column by F test at P = 0.05.  
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Table 5.61.  Influence of fertilizer source and rate on sweet corn 
shQ cultivar 3175 marketable cob kernel ppm manganese (Mn) 
planted 23 Mar. 2009 (pooled over soil quality). 
___________________________________________________ 
Fertilizer source  Fertilizer rate
 z
 Kernel Mn 
___________________________________________________ 
Organic 1x 10.88  b
 y
    
 
2x 10.88  b    
 
4x   9.63  c     
Synthetic 1x 10.75  b    
 
2x 11.00  b    
 
4x 12.25  a   
___________________________________________________ 
none n/a 11.25 
___________________________________________________ 
z
 1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1




 Mean separation within column by LSD at P = 0.05.  
 
 
Table 5.62.  Influence of fertilizer rate on sweet corn shQ cultivar 
378a marketable cob kernel ppm manganese (Mn) planted 23 Mar. 




 Kernel Mn 
________________________________________________________ 
1x 13.56  ab
 y
 
2x 13.13  b 
4x 14.50  a 
________________________________________________________ 
None 12.75  
________________________________________________________ 
z
 1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1
















Table 5.63.  Influence of soil quality and fertilizer source on sweet corn 
shQ cultivar 378a marketable cob kernel ppm manganese (Mn) planted 23 




 Fertilizer source Kernel Mn 
____________________________________________________________ 
Depleted Organic 13.67  b
 y
    
 
Synthetic 16.25  a   
Enhanced Organic 12.67  bc    
 
Synthetic 12.33  c         
____________________________________________________________ 
Depleted none 13.50 
Enhanced none 12.00 
____________________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 

































Table 5.64.  Sources of variation in the analysis of variance of two sweet 
corn shQ cultivars, soil quality, fertilizer source and rate on marketable 
cob kernel ppm iron (Fe) planted on 23 Mar. 2009. 
___________________________________________________________ 
 
Cultivar 3175 Cultivar 378a 
___________________________________________________________ 
Source Kernel Fe  (%) 
total 




rep 102.4 7% 0.3423 2476.7 7% 0.3847 
fld
 z
 140.1 9% 0.0369 52.1 0% 0.7988 
rate
 y
 41.6 3% 0.5024 1756.3 5% 0.3403 
sou
 x
 120.3 8% 0.0520 320.3 1% 0.5282 
fld*rate 55.5 4% 0.4016 858.3 2% 0.5853 
fld*sou 27.0 2% 0.3466 1026.8 3% 0.2620 
rate*sou 44.3 3% 0.4812 1391.5 4% 0.4233 
fld*rate*sou 30.9 2% 0.5985 1692.4 5% 0.3535 







  ___________________________________________________________ 
z
 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x




Table 5.65.  Influence of soil quality on sweet corn shQ cultivar 
3175 marketable cob kernel ppm iron (Fe) planted 23 Mar. 2009 




 Kernel Fe 
____________________________________________________ 
Depleted 36.08  a
 y
 
Enhanced 32.67  b 
____________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




Mean separation within column by F test at P = 0.05.   
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Table 5.66.  Influence of fertilizer source on sweet corn shQ 
cultivar 3175 marketable cob kernel ppm iron (Fe) planted 23 Mar. 
2009 (pooled over soil quality and fertilizer rate). 
______________________________________________________ 
Fertilizer source Kernel Fe 
______________________________________________________ 
Organic 32.79  b
 z
 





Mean separation within column by F test at P = 0.05.      
 
 
Table 5.67.  Sources of variation in the analysis of variance of two sweet 
corn shQ cultivars, soil quality, fertilizer source and rate on marketable 
cob kernel ppm sodium (Na) planted on 23 Mar. 2009. 
____________________________________________________________ 
 
Cultivar 3175 Cultivar 378A 
_________________________________________________________ 
Source Kernel Na  (%) 
total 




rep 7185.6 35% 0.0004 4483.1 19% 0.0505 
fld
 z
 20.0 0% 0.7988 616.3 3% 0.2835 
rate
 y
 1189.5 6% 0.1567 1056.2 4% 0.3723 
sou
 x
 728.5 4% 0.1306 168.8 1% 0.5722 
fld*rate 101.2 0% 0.8470 88.7 0% 0.9183 
fld*sou 526.7 3% 0.1966 40.3 0% 0.7821 
rate*sou 492.2 2% 0.4528 294.5 1% 0.7546 
fld*rate*sou 504.5 2% 0.4441 242.7 1% 0.7927 









 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x




Table 5.68.  Sources of variation in the analysis of variance of sweet 
corn shQ cultivar 3175, soil quality, fertilizer source and rate on 
phenolics (mg·g
-1
) expressed as gallic acid equivalents (GAE), planted 
on 23 Mar. 2009. 
__________________________________________________________ 
 
Cultivar 3175 Cultivar 378A 
__________________________________________________________ 
Source GAE   (%) 
total 






rep 373.6 45% < .0001 210.97 31% 0.0003 
fld
 z
 55.34 7% 0.0275 131.74 19% 0.0003 
sou
 y
 7.99 1% 0.3872 12.4 2% 0.2294 
rate
 x
 25.72 3% 0.3035 7.3 1% 0.6469 
fld*sou 8.86 1% 0.3628 2.63 0% 0.5765 
fld*rate 14.19 2% 0.5125 4.1 1% 0.7819 
sou*rate 5.7 1% 0.7620 42.68 6% 0.0910 
fld*sou*rate 3.94 0% 0.8283 2.27 0% 0.8725 
error 343.24 41% 
 
272.97 40% 
 total 838.58 
  
687.07 






 fld = soil quality.
 
y
 sou = fertilizer source. 
 
x 







Table 5.69.  Influence of soil quality on sweet corn shQ cultivar 3175 and 
378a phenolics (mg·g
-1
) expressed as gallic acid equivalents (GAE), planted 
23 Mar. 2009 (pooled over fertilizer source and rate). 
______________________________________________________________ 




 GAE GAE 
______________________________________________________________ 
Depleted 1.5  b
y
 1.5  b 
Enhanced 1.7  a 1.9  a 
______________________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 










Table 5.70.  Sources of variation in the analysis of variance of sweet corn shQ cultivar 3175, soil quality, 
fertilizer source and rate on lutein, zeaxanthin and β-cryptoxanthin (µg·g
-1






P Value Zeaxanthin  (%) 
total 






rep 0.51 16% 0.0207 3.47 23% 0.0012 0.0003 2% 0.6941 
fld
 z
 0.68 22% 0.0005 4.84 32% < .0001 0.0039 28% 0.0001 
rate
 y
 0.29 9% 0.0533 0.40 3% 0.3244 0.0006 5% 0.2186 
sou
 x
 0.01 0% 0.6539 0.01 0% 0.7957 0.0004 3% 0.1764 
fld*rate 0.09 3% 0.3625 0.30 2% 0.4296 0.0005 4% 0.2978 
fld*sou 0.07 2% 0.2387 0.15 1% 0.3588 0.0000 0% 0.7115 
sou*rate 0.04 1% 0.6590 0.38 2% 0.3480 0.0012 8% 0.0705 
fld*sou*rate 0.03 1% 0.7498 0.14 1% 0.6691 0.0007 5% 0.1950 










  ________________________________________________________________________________________ 
CV 23.4  22.9  8.7 
 ________________________________________________________________________________________ 
z
 fld = soil quality.
 
y 
rate = fertilizer rate.
 
x





Table 5.71.  Influence of soil quality on sweet corn shQ cultivar 3175 
concentration of lutein, zeaxanthin and β-cryptoxanthin (µg·g
-1
) planted on 23 




 Lutein Zeaxanthin  β-cryptoxanthin 
______________________________________________________________________ 
Depleted 0.99  a
 y
 2.16  a 0.17  a 
Enhanced 0.78  b 1.50  b 0.15  b 
______________________________________________________________________ 
z 
Depleted defined as: organic matter = 4 g·kg
-1 
and CEC = 4.4 meq·100g
-1
 soil; 
  Enhanced defined as: organic matter = 46 g·kg
-1 




Mean separation within column by F test at P = 0.05.     
 
 
Table 5.72.  Influence of fertilizer rate on sweet corn shQ 
cultivar 3175 concentration of lutein (µg·g
-1
) planted 23 






1x 0.81  bc
 y
 
2x 0.94  ab 
4x 0.99  a 
__________________________________________________ 
None 0.74   
__________________________________________________ 
z
 1x = 84 kg·ha
-1
 N; 2x = 168 kg·ha
-1
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